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IONOSPHERIC  SIMULATOR SURVEY 
A. E. Ba r r ing ton ,  E. D. Schu l t z ,  
A. Sharma, J .  0. S u l l i v a n  
I. INTRODUCTION 
The ob jec t ives  accompl i shed  du r ing  the  con t r ac tua l  pe r iod  and  re -  
po r t ed  he re  are as fo l lows:  
(1) Conduct a s u r v e y  o f  t h e  s t a t e - o f - t h e - a r t  w i t h  r e s p e c t  t o  s i m -  
u l a t i o n  o f  t h e  D and E r e g i o n s  o f  t h e  i o n o s p h e r e ,  s p e c i f i c a l l y  i d e n t i -  
fy ing   t hose   pa rame te r s   capab le   o f   be ing   s imula t ed   s imul t aneous ly .  It 
s h o u l d  b e  b o r n e  i n  mind t h a t  t h e  u l t i m a t e  p u r p o s e  o f  a n y  f a c i l i t y  t h a t  
r e s u l t s  i n  t o t a l i t y  o r  i n  p a r t  from t h i s  s t u d y  w i l l  be  used  pr imar i ly  
for  research  on  measurement  techniques  assoc ia ted  wi th  the  ionosphere .  
(2)  Evalua te   the   t echniques   and/or   methods   for   ionosphere  s i m u l a -  
t i o n ,  i n c l u d i n g  t h o s e  u s e d  i n  e x i s t i n g  f a c i l i t i e s  p l u s  a n y  t h e o r e t i c a l l y  
appl icable   approaches  and se lec t  t h e  most   promising  for   ionospheric  s i m -  
u l a t i o n ;  p a r t i c u l a r  e m p h a s i s  s h o u l d  b e  g i v e n  t o  p o s s i b l e  t r a d e o f f s  b e -  
t w e e n  t h e  f e a s i b i l i t y  of ach iev ing  a g iven  parameter  of  par t icu lar  
impor tance  and  to ta l  ambient  s imula t ion .  
( 3 )  Iden t i fy   t he   necessa ry   equ ipmen t   t o   s imu la t e   t he   pa rame te r s  
s e l e c t e d  i n  I t e m  1 and prepare an optimum pe r fo rmance  spec i f i ca t ion  fo r  
a poss ib le   Phase  I1 requ i remen t .   Concep tua l   ske t ches   t o   i nd ica t e   t he  
p r a c t i c a l i t y  o f  a par t icu lar  approach  should  be  inc luded  where  necessary .  
A s u r v e y  o f  e x i s t i n g  f a c i l i t i e s  showed, no t  unexpec ted ly ,  t ha t  no 
l a r g e - s c a l e  c o n c e n t r a t e d  e f f o r t s  are i n  p r o g r e s s  a t  t h i s  t i m e  t o  s i m -  
u l a t e  s i m u l t a n e o u s l y  t h e  many v a r i o u s  p e r t i n e n t  p a r a m e t e r s  o f  t h e  
ionosphere.  
Spec i f i c  d i scuss ions  wi th  key  pe r sonne l  a t  Lewis Research Center,  
Langley Research Center ,  Goddard Space Fl ight  Center  and Ames Research 
C e n t e r  i n d i c a t e d  t h a t  a n  i o n o s p h e r i c  s i m u l a t i o n  f a c i l i t y  w o u l d  b e  o f  
c o n s i d e r a b l e  i n t e r e s t ;  h o w e v e r ,  t h e  o n l y  active programs a t  t h i s  t i m e  
are conce rned  wi th  the  p roduc t ion  o f  low energy  space-charge-neut ra l  
1 
beams t o  simulate t h e  d e n s i t y  o f  p o s i t i v e  i o n s  as viewed  by a s a t e l -  
l i t e  [ 1 , 21''. The s ta tus  of  one  of  these  programs in  which  GCA h a s  
r e c e n t l y  p a r t i c i p a t e d  i s  r e p o r t e d  i n  some d e t a i l .  
The s imula t ion   o f   neu t r a l   dens i ty ,   t empera tu re   and   t he rma l   so l a r  
f l u x  w e r e  n o t  c o n s i d e r e d  i n  d e t a i l ,  s i n c e  t h e r e  e x i s t  many f a c i l i t i e s  
adequate ly   capable  of s i m u l a t i n g   t h e s e  parameters. However, t h e   s u r -  
vey  demonst ra ted  tha t  many o t h e r  i n t e r e s t i n g  i o n o s p h e r i c  p a r a m e t e r s ,  
namely cha rged   pa r t i c l e s   (pos i t i ve   and   nega t ive ) ,   u l t r av io l e t   and   X- ray  
r a d i a t i o n ,  and atomic oxygen can be simulated simultaneously with 
v a r i o u s  e x i s t i n g  m e t h o d s ,  a l t h o u g h  w i t h  c e r t a i n  r e s t r i c t i o n s ,  o v e r  t h e  
a l t i t u d e   r a n g e  from 50 t o  160 km. I t  a l s o  became a p p a r e n t ,   t h a t   c e r -  
t a i n   n o v e l   a p p r o a c h e s   s h o u l d   b e   i n v e s t i g a t e d   t h e o r e t i c a l l y .  The r e s u l t s  
o b t a i n e d  a r e  p r o m i s i n g  a n d  p r e d i c t  t h e  f e a s i b i l i t y  o f  s i m u l a t i n g  t h e  
charged  par t ic le  dens i ty  and  a tomic  oxygen over  par t s  of the D-region 
by  pho to ion iza t ion  and  pho tod i s soc ia t ion .  
Consequently,  i t  was p o s s i b l e  t o  arr ive a t  t he   concep tua l   des ign  
of an  ionosphe r i c  s imula t ion  f ac i l i t y  and  to  iden t i fy  the  equ ipmen t  
necessa ry  fo r  t he  s imul t aneous  s imula t ion  of c h a r g e d  p a r t i c l e  d e n s i t y ,  
s o l a r  uv  and X - r a y  f l u x  and the product ion of atomic  oxygen. 
-1. 
"Number i n  [ ] t h roughou t   t ex t   i nd ica t e   r e f e rence   numbers .  
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11. CHARACTERISTICS OF THE D AND E REGION 
Charged  Pa r t i c l e s  
Charged  pa r t i c l e  s imula t ion  p resen t s  many problems whose s o l u t i o n  
depends   p r imar i ly   on   t he   a l t i t ude   r eg ion   be ing   s imula t ed .  The r e a s o n  
f o r  the dependence   on   a l t i tude  is  t h e  f ac t  t ha t   t he   p roduc t ion   o f  
cha rged  pa r t i c l e s  depends  on t h e  means o f  i o n i z a t i o n  a s  w e l l  as on  the 
d e n s i t y   o f   t h e   n e u t r a l   g a s   t o   b e   i o n i z e d .   B e c a u s e   o f   t h e   f i n i t e  
phys i ca l  s i ze  o f  any  l abora to ry  s imula t ion  chamber ,  t he  e f f ec t  o f  
chamber walls becomes  predominant i n  s imu la t ing  the  E region where 
the  mean f r e e   p a t h  i s  long .  It p lays  a r e l a t i v e l y   m i n o r  p a r t  i n   t h e  
s imula t ion  o f  t he  D region where the mean f r e e  p a t h  i s  much s h o r t e r .  
In  consequence, a dua l  approach  to  the  p roduc t ion  o f  cha rged  pa r t i c l e s  
becomes necessary ,  which  fa r  f rom be ing  a d i sadvan tage ,  w i l l  g r e a t l y  
e n h a n c e  t h e  f l e x i b i l i t y  o f  a s i m u l a t i o n  f a c i l i t y .  
The p h y s i c a l  s i t u a t i o n  c a n  b e s t  b e  d i s c u s s e d  b y  f i r s t  c o n s i d e r i n g  
t h e  parameters o f  p r e s s u r e ,  p a r t i c l e  d e n s i t y  and mean f r e e  p a t h  as a 
f u n c t i o n  o f  i o n o s p h e r i c  a l t i t u d e  ( T a b l e  1 ) .  
TABLE 1 
IONOSPHERIC NLTMBER DENSITIES 
Al t i tude   Pr ssure   Tempera ture  Number Densi ty  Mean F ree   pa th  
km t o r r  OK cm-3 cm 
50 6 x 10-1 2 70 2 x 10 1 6  l o - *  
90 1 x 180 6 x 10 




2 x 10 3 
I n  t h e  D reg ion ,  for  example ,  the  mean f r e e  p a t h  varies f rom 0 .1  mm 
t o  6 c m  and the effects  of  chamber  walls can be minimized for even a 
m o d e r a t e l y   s i z e d   l a b o r a t o r y   f a c i l i t y .   I n   t h e  E r e g i o n ,   t h e  mean f r e e  
pa th   can   be  as l a r g e  as 20 m ,  p r o h i b i t i v e l y   l a r g e   f o r   s i m u l a t i o n .  How- 
ever, t h e  d e n s i t y  of c h a r g e d  p a r t i c l e s  i n c r e a s e s  as w e  move from the 
3 
D r e g i o n  t o  t h e  E r e g i o n .  I n  t h e  D r eg ion ,  an  ave rage  dens i ty  o f  10  
par t ic les /cm3 can  be  assumed f rom ac tua l  exper imenta l  da ta  (F igure  1). 
For  the E r eg ion  (F igu re  2 ) ,  an  approx ima te  pos i t i ve  ion  concen t r a t ion  
can be obtained by assuming i t  t o  b e  e q u a l  t o  t h e  e x p e r i m e n t a l l y  meas- 
u r e d   e l e c t r o n   d e n s i t y .  As a n   a d d i t i o n a l   b a s i s   f o r   c o m p a r i s o n ,   F i g u r e s  
3(a)  and 3(b)  show t h e  i o n  d e n s i t y  p r o f i l e  f o r  i n d i v i d u a l  s p e c i e s  a t  
h i g h e r  a l t i t u d e s  [ 3  1. 
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Because  of  the  la rge  d i f fe rences  of  neut ra l  dens i ty ,  the  methods  
o f  p roduc ing  ion  dens i t i e s  o f  t he  o rde r  o f  lo5/,,, which are e s s e n t i a l l y  
independent   o f   the   ambient   dens i ty ,   mus t   necessar i ly   be   d i f fe ren t .  L e t  
u s  f i r s t  c o n s i d e r  t h e  p r o b l e m  i n  t h e  D r eg ion .   Accord ing   t o   cu r ren t  
t heo ry  [41, the  p r imary  fo rma t ion  mechan i sm fo r  po r t ions  o f  t h i s  r eg ion  
is  t h e  u p p e r  i o n i z a t i o n  o f  NO b y  s o l a r  H Lyman4 (1215.68) whereas a t  
l o w e r  a l t i t u d e s  i o n i z a t i o n  o f  a l l  c o n s t i t u e n t s  i s  produced  by  cosmic 
r a d i a t i o n  and   by   so la r   X-rays .   Al though  the   impor tance   o f   the   l a t te r  
p rocesses  i s  s t i l l  s u b j e c t  t o  d e b a t e  f o r  q u i e t  c o n d i t i o n s ,  t h e  r o l e  
played by X-rays i n  d i s t u r b e d  s o l a r  f l a r e  c o n d i t i o n s  h a s  b e e n  e s t a b -  
l i s h e d  beyond q u e s t i o n   [ 5 , 6 I .   A c c o r d i n g l y ,   s o l a r   f l u x   s i m u l a t i o n   w i t h  
respect t o  D - r e g i o n  phenomenology  would necessar i ly  include X-ray and 
H L y m a n 4   s p e c t r a l   r e g i o n s .   T h e o r e t i c a l  estimates o f   t he   t r ansmiss ion  
c h a r a c t e r i s t i c s  o f  t h e s e  r a d i a t i o n s  i n  t h e  t e r r e s t r i a l  a t m o s p h e r e  a r e  
shown i n  F i g u r e  4 .  
Owing t o  i t s  low a l t i t u d e ,  t h e  D r e g i o n  is cha rac t e r i zed  by  a 
r e l a t i v e l y  l a r g e  d e n s i t y  so  t h a t  t h e  a t t a c h m e n t  rate o f  e l ec t rons  
e s p e c i a l l y   t o  O 2  i s  apprec i ab le .   Indeed ,   t h i s   p rocess   p rec ludes   t he  
bui ldup  o f  r e l a t i v e l y  h i g h  e l e c t r o n  d e n s i t i e s  w h i c h  c a u s e  s e v e r e  r a d i o  
f r e q u e n c y  a b s o r p t i o n  i n  t h e  r e g i o n  d u r i n g  d i s t u r b e d  s o l a r  f l a r e  c o n -  
d i t i o n s .  
In  gene ra l ,  t he  complex  in t e rac t ion  be tween  so la r  r ad ia t ion  and  
the  ambien t  cons t i t uen t s  o f  t he  r eg ion  a s  w e l l  as t h e  v a r i o u s  d a r k  
r eac t ions  ( inc lud ing  e l ec t ron -gene ra t ing  and  e l ec t ron -depres s ion  p ro -  
cesses and o ther   chemica l   in te rac t ions)   p roduces   the  c lass ical  e l e c t r o n  
d e n s i t y  p r o f i l e s  w h i c h  are c h a r a c t e r i z e d  b y  s h a r p  a l t i t u d e  g r a d i e n t s  
a n d  s i g n i f i c a n t  number dens i ty  va r i a t ions  fo r  n igh t - t ime ,  day - t ime  and  
d i s t u r b e d   c o n d i t i o n s  as i l l u s t r a t e d  i n  F i g u r e  5. Caut ion   should   be  
e x e r c i s e d  i n  t h e  u s e  o f  t h e  d a t a  p r e s e n t e d  i n  t h i s  f i g u r e  s i n c e  i t  has  
b e e n  i n c l u d e d  t o  i n d i c a t e  t h e  o v e r a l l  s t e a d y - s t a t e ,  s t a t i c  b e h a v i o r  i n  
the  D r e g i o n .  I n  r e a l i t y ,  t h i s  r e g i o n  e x h i b i t s  a more i r r e g u l a r   d y -  
namic   behavior   than   h igher   ionospher ic   reg ions .   Accord ingly ,   D-reg ion  
e l e c t r o n  d e n s i t y  p r o f i l e  s i m u l a t i o n  s h o u l d  r e f l e c t  t h e  dynamic range 
i l l u s t r a t e d  i n  F i g u r e  6 where  ac tua l  measured  prof i les  are p resen ted  
















II 5 2  EST. ,P' - 7 
I I I I 
NlKE -CAJUN 10.25 
WALLOPS IS., VA. 
c 8 DECEMBER 1960 
ASCENT -- X - -  
DESCENT- 
- 
0 0.5 1.0 
POSITIVE IONS x IOm4 (cm-3) 





















































--- - TOTAL ION 
DENSITY 
ION DENSITY/cm3 
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Figure 5. Elec t ron   dens i ty  p r o f i l e s ,  D-Region. 
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N ,  ELECTRONS I C C  
F i g u r e  6. E l e c t r o n   D e n s i t y   h e i g h t   p r o f i l e s  
f o r  t h e  D and E r e g i o n s .  
1: Belrose  (1961),  1030-1130 LST, May 1, Ottawa, Canada. 2: t h e o r e t -  
i c a l ,   A i k i n  e t  a l .  (1963) , middle   l a t i tude ,   midday .   3 :  Yonezawa 
(1961),  1532 LST, September 22 ,  Michikawa,  JaDan. 4: Adey and   Heikki la  
(1960),  1237 LST, September 17, 1959,  CXlurchill,  Canada.  5: Friedman 
(1959),  1730 LST, June  26,  1954, USSR m i d d l e   l a t i t u d e .  6: Ba r r ing ton  
e t  a l .  (1960),  1000-1400 LST, March-April,  Kjeller,  Norway.  7: Robin- 
son  (1957),  midday,  March 27,  Cambridge,  England. 8: Aikin e t  a l .  
(1963) , 1430 LST, March 8, Wallops  Is land,  U . S . A .  9:  Smith  (1961), 
0435 LST, October 27,  Wallops  Is land,  U . S . A .  
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sources   of   information.  It can   be   s een   t ha t   on ly   n igh t - t ime  D r e g i o n  
measurements of the D r e g i o n  were performed by GCA Corpora t ion  [ 7 J  
under a NASA con t rac t  and  these  show a s t r i k i n g l y  d e c r e a s e d  p r o f i l e  
a c t i v i t y   l e v e l   ( c u r v e  9 ) .  One  may conclude   tha t   accura te   D-reg ion  
s i m u l a t i o n  s h o u l d  i n c o r p o r a t e  t h e  d i u r n a l  a n d  a c t i v i t y  r a n g e  o f  e l e c -  
t r o n  d e n s i t i e s  p r e s e n t e d  i n  t h e  f i g u r e .  
A s  n o t e d  p r e v i o u s l y ,  t h e  h i g h l y  i r r e g u l a r  b e h a v i o r  of t h e  D r e g i o n  
m u s t  b e  c o n s i d e r e d  i n  g r e a t e r  d e t a i l  i n  o r d e r  t o  p r o v i d e  e f f e c t i v e  s i m -  
u l a t ion   o f   t h i s   f ace t   o f   t he   dynamics   o f   t he   r eg ion .   The re   a r e  several 
and var ied factors  which have been viewed as probable  sources  of  con-  
s ide rab le   enhancemen t   o r   dep le t ion   o f   e l ec t ron   dens i ty .   Fo r   example ,  
t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  of  Figure 6 which are  typical  of  day and 
n i g h t - t i m e  c o n d i t i o n s  e x h i b i t  a r e l a t i v e l y  w i d e  d i u r n a l  f l u c t u a t i o n .  
It may be   in fer red ,   therefore ,   tha t   the   ach ievement   o f   these   day- t ime 
and /o r  n igh t - t ime  s t eady- s t a t e  va lues  r equ i r e s  t r ans i en t  pe r iods  du r -  
i ng   sun r i se   and   sunse t .  The s a l i e n t   f e a t u r e s   a s s o c i a t e d   w i t h   t h e s e  
t r a n s i t i o n   p e r i o d s  are i l l u s t r a t e d   g r a p h i c a l l y   i n   F i g u r e  7 .  A s  t h e  
shadow of  the  ozone  layer  moves t o  e i t h e r  p e r m i t  or  prevent  near  uv 
r a d i a t i o n  (2000 t o  30008) f rom  i l l umina t ing   t he  D r e g i o n ,  r a p i d  t r a n s -  
i t i o n s  i n  D - l a y e r  a c t i v i t y  and radio-wave absorption can be expected 
due to   nega t ive   i on   fo rma t ion .   S ince  i t  can  be shown tha t   the   dominant  
nega t ive  ion  du r ing  the  sun r i se - sunse t  pe r iod  canno t  be  0 -  (or   any 
o ther  nega t ive  ion  which  can  be  photodetached  by v i s i b l e  2 1 i g h t )  , 
l i k e l y  c a n d i d a t e s  are e i t h e r  NO; o r  03 whi le  more r e m o t e  p o s s i b i l i t i e s  
i nc lude  H- and OH-. T h i s   s c r e e n i n g   e f f e c t   h a s   b e e n   v e r i f i e d   r e c e n t l y  
by a GCA Corporat ion rocket  probe experiment  conducted by Smith,  
e t  a l . [ 8 ] , d u r i n g  t h e  IQSY e f f o r t .  
Ano the r  f ac to r  wh ich  sens i t i ve ly  a f f ec t s  t he  lower  D r e g i o n  i s  
s o l a r  a c t i v i t y  as i l l u s t r a t e d  i n  T a b l e  2 wh ich  p resen t s  t he  pe r t inen t  
i o n i z a t i o n  r a t e  c o e f f i c i e n t s  a t  2 ,  4 ,  and 62. It can   be   s een   t ha t  
t h e s e  ra tes  show a f a c t o r  o f  l o5  enhancemen t  du r ing  s t rong  so la r  f l a r e s  
compared t o  t h e   c o m p l e t e l y   q u i e t   s u n   c o n d i t i o n .   C l e a r l y ,   t h i s   i o n i z a -  
t i o n  ra te  i n c r e a s e  i s  d i r e c t l y  r e f l e c t e d  i n  t h e  s t e a d y - s t a t e  e l e c t r o n  
d e n s i t y   p r o f i l e s   c o r r e s p o n d i n g   t o   t h e   s p e c i f i e d   s o l a r   c o n d i t i o n s .   T h i s  
r a t e  i n c r e a s e  h a s  b e e n  v e r i f i e d  d u r i n g  severe i o n o s p h e r i c  d i s t u r b a n c e s  
(SID)  where  strong  radio-wave  absorption i s  observed  in  the  lower  D 
r eg ion .  It may be   no ted ,   however ,   t ha t   t he   co r re spond ing   so l a r  H 
L y m a n 4  r a d i a t i o n  h a s  b e e n  o b s e r v e d  t o  r e m a i n  r e l a t i v e l y  c o n s t a n t  f o r  
t h e  v a r i o u s  s o l a r  c o n d i t i o n s  [ 9 ] , s o  t h a t  u p p e r  D - r e g i o n  v a r i a t i o n s  i n  
e l e c t r o n  d e n s i t y  a c t i v i t y  levels are n o t  q u i t e  so  pronounced. 
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Figure  7 .  Sunr i se  - sunse  t e f f e c t  . 
A t  s u n s e t  t h e  n e a r  UV s o l a r  r a d i a t i o n  w h i c h  
w o u l d  o t h e r w i s e  i l l u m i n a t e  t h a t  p a r t  o f  t h e  
D - r e g i o n  l y i n g  t o  t h e  l e f t  o f  l i n e  AB i s  
absorbed by the ozone layer  when the  sun  
d rops  be low the  ho r i zon  wi th  r e spec t  t o  an  
obse rve r  a t  C. Co inc iden t   w i th   t he   abso rp -  
t i o n  o f  t h i s  r a d i a t i o n  i s  t h e  r a p i d  d e c r e a s e  
i n  e l e c t r o n  d e n s i t y  ( p r o b a b l y  d u e  t o  e l e c t r o n  
a t t a c h m e n t )  i n  t h e  r e g i o n  t o  t h e  l e f t  of l i n e  
AB. The oppos i t e   e f f ec t   ( r ap id   de t achmen t   o f  
e l e c t r o n s  when the  sun ' s  r ays  pas s  above  the  
ozone   layer )   occurs  a t  s u n r i s e .  
1 2  
TABLE 2 
IONIZATION RATE COEFFICIENTS (Sec-l)  AT 2 ,  4 ,  AND 68  
Comple te ly   qu ie t  1 .6  x 10 9.8 x 10 2.8 x 
Quie t   1 .6  x 9.8 x 10 2.8 x 10 
L i g h t l y   d i s u r b e d   1 . 6  x 1 0 - l ~  9.8 x 2 .8  x 10 
Dis turbed   1 .6  x 10 2.8 x 10 
Spec ia l   even t s   1 .6  x 10 2 . 8  x 
S t r o n g   f l a r e s   1 . 6 x 10 9.8 x 10-13  2.8 x 
-19 -18 





9.8 x 10 




S t i l l  o ther  D-region dynamic var ia t ions have been observed a t  h igh  
l a t i t u d e s  due t o  p o l a r - c a p  a b s o r p t i o n  (PCA) e f f e c t s  a n d  t h e  i n f l u e n c e  
o f   a u r o r a .   I n   t h e   f o r m e r ,   t h e   t r a n s i e n t   e f f e c t s   h a v e   b e e n   o b s e r v e d   t o  
ex tend  ove r  s eve ra l  days  whereas  the  ex ten t  o f  au ro ra l  e f f ec t s  pers i s t s  
f o r  a matter of   hours .   Concern ing   aurora l  phenomena  (Type II), s i g -  
n i f i c a n t  c o r r e l a t i o n  b e t w e e n  t h i s  a c t i v i t y  and  the  D-region  phenomena 
was r ecen t ly  ob ta ined  du r ing  a GCA Corpora t ion  rocke t  probe  exper iment  
by  Accardo, e t  a l .  [ l o ] .  This   mul t ip le   ins t rumenta t ion   exper iment   per -  
formed s imultaneous measurements  of  X-ray,  e lectron,  and solar  H Lyman-0 
f l u x e s  as wel l  as t h e  a m b i e n t  e l e c t r o n  d e n s i t y  a s  f u n c t i o n s  o f  a l t i t u d e .  
P e r f o r m i n g  l a b o r a t o r y  s i m u l a t i o n  o f  t h e s e  t r a n s i e n t  phenomena appears t o  
b e  d i f f i c u l t  b u t  s h o u l d  n e c e s s a r i l y  b e  i n c l u d e d  i n  t h e  p r o p o s e d  f e a s i b i l -  
i t y  s t u d y .  
S imula t ion  o f  t he  D r eg ion  r equ i r e s  mode l ing  the  phys ica l  parameters 
of   the  predominant ly   neutral   gas .   Between 50 and  90 km t h e  p r e s s u r e  
varies between 6 x 10-1 t o   1 . 2  x t o r r ,   t h e   t e m p e r a t u r e   r a n g e  l i e s  
between 180 and 270°K, a n d  t h e  t o t a l  number d e n s i t y  varies from 6 x 10 13 
t o  2 x 10l6 p a r t i c l e s  ~ m - ~ .  The b u l k  o f  t h e  a t m o s p h e r e  c o n s i s t s  of 
molecular  ni t rogen and oxygen (except  in  the high D region where con-  
s ide rab le   a tomic   oxygen   ex i s t s ) ,   and  small amounts  of rare gases .  Some 
spec i f i c  minor  cons t i t uen t s  wh ich  are known t o  e x i s t  i n  t h e  l o w e r  p o r t i o n  
o f  t he  r eg ion  inc lude  C02,  CO, CH4,  N 2 0 ,  Hz ,  e t c . ,  a l t h o u g h  t h e i r  a c t u a l  
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abundances are n o t   a c c u r a t e l y  known. Atomic  oxygen  and  ozone,  which 
a re  p roduc t s  o f  so l a r  pho to lys i s  o f  mo lecu la r  oxygen ,  have  a l so  been  
recognized as i m p o r t a n t   n e u t r a l   i o n o s p h e r i c   c o n s t i t u e n t s .   F i g u r e  8 
shows the  abundances  of  severa l  impor tan t  spec ies  based  on  da ta  pre-  
sented  by Bates and   Nicole t  [111. Several r e c e n t   t h e o r i e s   h a v e  
a s s o c i a t e d  s p e c i f i c  D - r e g i o n  phenomena w i t h  OH, H20 ,  NO, and  var ious  
t r ace  e l emen t s  such  as sodium so t h a t  t h e s e  s h o u l d  b e  c o n s i d e r e d  i n  
t h e   l a b o r a t o r y   s i m u l a t i o n   f e a s i b i l i t y   s t u d y .   O t h e r   s p e c i e s   w h i c h  
may s i g n i f i c a n t l y  c o n t r i b u t e  t o  D - r e g i o n  phenomenology  and  thereby 
merit f eas ib i l i t y  s tudy  cons ide ra t ion  inc lude  mic rometeo r i t e s  and  
t h e i r  v a p o r i z a t i o n  p r o d u c t s .  
Expe r imen ta l  i n fo rma t ion  r ega rd ing  the  ex i s t ence  o f  pos i t i ve  
i o n  s p e c i e s  i n  t h e  D r eg fon  i s  l imi t ed  to  the  measu remen t s  of Narcissi, 
e t  a l .  [12 ] ,who  r epor t ed  pos i t i ve  ions  o f  H O+ and NO+ i n  t h e  a l t i t u d e  
range 64 t o  82 km and Mg', Na', and NO+ somewhat higher  between 8 2  t o  
1 1 2  km. There i s  l i t t l e  t h e o r e t i c a l   b a s i s   f o r   d o u b t i n g   t h a t   t h e   c o s m i c  
and  X-ray f l u x  c o n t r i b u t i o n s  f o r m  0 2  and N+ i o n s  i n  t h e  l o w e r  D r eg ion .  + 
To date ,   unambiguous  experimental   observat lon  of   negat ive  ions  in   the 
D r eg ion  has  no t  been  pe r fo rmed  a l though  the  ex i s t ence  o f  spec i f i c  
nega t ive  ions  such  as 02, 0 - ,  NO;, 0;. H -  and OH- have been postulated 
from t h e o r e t i c a l   c o n s i d e r a t i o n s .   N o t w i t h s t a n d i n g   t h e   q u e s t i o n s   o f  
s o u r c e s   a n d   d i s t r i b u t i o n s   o f   t h e s e   p o s i t i v e l y   a n d   n e g a t i v e l y   c h a r g e d  
c o n s t i t u e n t s  i n  t h e  D r e g i o n ,  s u i t a b l e  s i m u l a t i o n  o f  t h e  a m b i e n t  r e -  
q u i r e s  t h e i r  c o n s i d e r a t i o n .  
2 
2 
The E region which i s  usua l ly  p laced  be tween 90 and  160 lan i s  
c h a r a c t e r i z e d  by a marked e lec t ron  dens i ty  peak  be tween about  100  and 
130 lan. S u p e r p o s e d   o n   t h i s   q u a s i - s t a t i c   s t r u c t u r e   t h e r e   o c c u r s  
spo rad ic  E which i s  b o t h  h i g h l y  i r r e g u l a r  a n d  r e l a t i v e l y  u n p r e d i c t a b l e  
and t h e r e f o r e  p r e s e n t s  e x t r e m e  d i f f i c u l t i e s  i n  s i m u l a t i o n .  
The normal E r e g i o n  i s  probably formed by ionizat ion of  the ambient  
cons t i t uen t s  by  the  so l a r  X- ray  f lux  be tween  40 and 1002 [131,al though 
r e c e n t  r e s u l t s  o f  Watanabe and Hinteregger [ 141, i n d i c a t e  t h a t  t h e  p r i m a r y  
i o n i z a t i o n  s o u r c e  may b e  r a d i a t i o n  i n  t h e  912 t o  10302  spec t r a l  r eg ion .  
D u r i n g  t h e  s o l a r  e c l i p s e  o f  20 J u l y  1963,  s imultaneous rocket-probe 
measurements  of  e lec t ron  dens i ty  prof i les  and  so lar  X-ray  f lux  be tween 
44 and 608 were performed by GCA C o r p o r a t i o n  i n  t h e  E reg ion  [15  I. The 
i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  s t r o n g l y  s u p p o r t s  t h e  X - r a y  h y p o t h e s e s  
s i n c e  t h e  o b s e r v e d  e l e c t r o n  d e n s i t y  v a r i a t i o n  w i t h  p e r c e n t  s o l a r  o b -  
s c u r a t i o n  c o u l d  o n i y  b e  e x p l a i n e d  i n  t h i s  manner.   Accordingly,   solar 
f l u x  s i m u l a t i o n  i n  t h e  E r e g i o n  r e q u i r e s  c o n s i d e r a t i o n  o f  4 0  t o  1 0 0 2  
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Figure ' 8 .  Number  density  distribution  for  several 
atmospheric  constituents  (after  Bates 
and Nicolet). 
d u p l i c a t i o n  o f  s o l a r  e m i s s i o n  l i n e s  h a s  b e e n  a c c o m p l i s h e d  i n  t h e  GCA 
Corpora t ion  Ul t r av io l e t  Labora to ry  unde r  a s tudy  concerned  wi th  ob-  
t a i n i n g  t h e  t o t a l  a n d  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  f o r  a t m o s p h e r i c  
gases  [ 161. 
The m a j o r  a t m o s p h e r i c  c o n s t i t u e n t s  i n  t h i s  r e g i o n  are molecular  
ni t rogen,   molecular   oxygen  and  a tomic  oxygen;   the l a t t e r  due t o  t h e  
s o l a r   p h o t o l y s i s   o f  0 as shown i n   F i g u r e  8. T h i s   c o n s t i t u e n c y  
r e s u l t s  i n  t h e  g e n e r a g i o n  o f  Oz, 0' and N i o n s  as shown i n  F i g u r e  9 
w h i c h  i n d i c a t e s  t h e  a p p r o p r i a t e  p h o t o i o n i z a t i o n  r a t e  f o r  t h e s e  s p e c i e s  
as a f u n c t i o n   o f   a l t i t u d e .  However,  mass spectrometr ic   measurements  
have shown t h a t  t h e  d o m i n a n t  i o n  i n  t h i s  r e g i o n  [ I 7 1  i s  NO+ as i n d i -  
ca ted   in   F igure   9 (b)   and   Table  3 .  Accordingly ,   the  O+ and N; i o n s  i n  
t h i s  r e g i o n  must  undergo  fur ther  exchange  reac t ions  such  as :  
+ 
2 
0 + N2 -9  NO' + N + 
and  /or  
+ N 2  + 0 -> NO + N + 
t o  produce  the  observed  predominant NO f r a c t i o n .  + 
Concern ing  E-reg ion  e lec t ron  number d e n s i t y ,  (Ne) bo th  theo ry  
and  obse rva t ion  sugges t  t ha t  i t s  v a r i a t i o n  may b e  r e p r e s e n t e d  b y  t h e  
f o l l o w i n g  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n :  
where a i s  t h e   e f f e c t i v e   r e c o m b i n a t i o n   c o e f f i c i e n t   a n d  q i s  t h e  ra te  
o f   e l e c t r o n   g e n e r a t i o n .  The loss  o f  e l e c t r o n s  t y p i c a l l y  p r o c e e d s  via 
d i s s o c i a t i v e  r e c o m b i n a t i o n s :  
e f f  
NO+ + e -, N + 0, 
N 2 + e - + N + N  and 
+ 




RELATIVE  CONCENTRATIONS OF POSITIVE ION SPECIES 
F r a c t i o n  of T o t a l  P o s i t i v e  
Ions which are: 
Rocket A 1  t i t u d e  NO’ O+ 
F 1 i g h t  (km) 
NN 3.17 F 
2321 CST 
20  Nov 56 
NN 3.18 F 
2002 CST 
2 1  Feb 58 
NN 3.19 F 
1207 CST 
23 Mar 58 
NASA 4.09 
1047 EST 
20 Apr 60 
NASA 4 .  14(2) 
1141 EST 
15 Nov 60 
USSR 
h = - 6 e  
9 Sep  57 
USSR 
h = 36Om 
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- 0  
- 0  
USSR 
h = O m  120 ... 0 .2  0 .8  - 0  
13 Aug 58 100 ... ... ... ... 
(3) 150 . .. 0.4 0.6  0.05 
USSR(?) 150 ... 0 . 3  0 .7  0.05 
h = O m  120 ... 0.1  0.9 - 0  
22 J u l  59 100 ... ... ... ... 
USSR(3)o 150 ... 0.4 0.5 0.1 h = 1 5 m  120 . .. 0.3 0 . 7  - 0  
15 Sun 60 100 ... 0.1 0.9 - 0  
(1) Johnson, Meadows and Holmes (1958); Meadows and  Townsend  (1960). 
(2) Taylor   and  Brinton  (1961) .  
(3) Istomin  and  Pokhunov  (1962); h i n d i c a t e s  a l t i t u d e  of sun  above 





Figure 9. Comparison of the  production  rate  and 
the  actual  abundance of ions  in  the 
lower  ionosphere. 
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Laboratory  measurements   and  ionospheric   observat ions  based  on  he  above 
loss p rocesses   ugges t   t ha t  aeff i s  of t h e   o r d e r  of - lo-' cm3 
s ec ' l   i n   t h i s   r eg ion .   Expe r imen ta l ly ,   t he   measu red   s t eady- s t a t e  elec- 
t r o n  d e n s i t i e s  i n  t h e  E - l a y e r  r a n g e  f r o m  a b o u t  lo5 t o  1.5 x lo5 e l e c -  
t r o n s  cm-3 d e p e n d i n g  o n  s u c h  g r o s s  i n d i c a t o r s  o f  s o l a r  a c t i v i t y  as 
the   11-year   sun-spot   cyc le .   Accord ingly ,   su i tab le   E- reg ion   s imula t ion  
shoul 'd  consider  the problems associated with the generat ion of  a 
s l igh t ly  ion ized  p l a sma  a t  t h e  i n d i c a t e d  p r e s s u r e  l e v e l  i n  a chamber 
of appropr i a t e  d imens ions  to  accommodate t h e  p r e s c r i b e d  e l e c t r o n  ra te  
and s imultaneously  minimize  the  effects   of  wal l  c o l l i s i o n s .  The 
E r eg ion  may be  cha rac t e r i zed  un ique ly  by  spec i f i c  f ea tu re s  no t  found  
in   the   o ther   ionospher ic   reg ions .   For   example ,   mos t   micrometeor ic  
d e b r i s  i s  vaporized and deposi ted a t  E-reg ion  a l t i tudes  which  probably  
r e su l t s  i n  a tmosphe r i c  con tamina t ion  by  minor  deb r i s  cons t i t uen t s  and 
by p h o t o i o n i z a t i o n  of t he  r e s idence  o f  such  pos i t i ve  spec ie s  as Mg+, 
Ca+, Na+, e t c .   I n   f a c t ,   t h e   c o n t i n u o u s   a d d i t i o n  of micrometeoric 
debr i s  has  been  assoc ia ted  wi th  the  main tenance  and  presence  of  s ig-  
n i f i c a n t  i r r e g u l a r i t i e s  of t h e  n i g h t - t i m e  E reg ion  and  has  a l so  been  
a s s o c i a t e d  w i t h  s p o r a d i c  E. In   the   lower  E reg ion   observa t ions   have  
conf i rmed the  ex is tence  and  pers i s tence  of  s t rong  wind  shear  and  tur -  
bulence as indicated  by  sodium  vapor  experiments [181. On a t h e o r e t -  
i c a l  b a s i s  t h i s  phenomenon has  been  assoc ia ted  wi th  the  format ion  of  
spo rad ic  E and experimentally checked by GCA Corpora t ion  rocke t  probes  
wi th  the  mul t ip le  capabi l i ty  of  s imul taneous ly  measur ing  both  the  
e l e c t r o n  d e n s i t y  and  wind p r o f i l e s  o v e r  t h e  a l t i t u d e  r e g i o n  o f  i n t e r e s t .  
I n  c o n t r a s t  t o  l o w e r  a l t i t u d e s ,  t h e  E r e g i o n  i s  c l a s s i c a l l y  c o n s i d e r e d  
as  the  beginning  of t h e  "low pressure regime". in  the upper  a tmosphere.  
A s  a consequence,  above this  region the formation of  s ignif icant  amounts  
of nega t ive  ions  can  be  prec luded  so tha t  E- reg ion  s imula t ion  need  not  
c o n s i d e r   t h i s   a s p e c t  of the  problem. An addi t ional   consequence  of   the 
low p r e s s u r e  i s  t h a t  d i f f u s i v e  e q u i l i b r i u m  p r e v a i l s  a b o v e  a b o u t  100 km 
S O  t ha t   compos i t ion   s imula t ion   mus t   cons ide r   t h i s   f ac to r .   F ina l ly ,  
t h e  low c o l l i s i o n  p r o b a b i l i t y  a t  t h e s e  low p r e s s u r e s  e n a b l e s  e l e c t r o n  
tempera ture  to  depar t  f rom the  ion  and n e u t r a l  s p e c i e s  t e m p e r a t u r e ;  
however, t h i s  e f f e c t  becomes s i g n i f i c a n t  o n l y  i n  t h e  u p p e r  E - r e g i o n  
a l t i t u d e s  [ 1 9  1. 
Thus, i t  a p p e a r s  t h a t  t h e  s ta te  of  knowledge  concerning  the E 
reg ion  i s  more  complete  than  that   of i t s  lower  counterpar t ,  a t  least  
wi th  r e spec t  t o  pa rame te r s  necessa ry  and  amenable t o  l a b o r a t o r y  s i m -  
u l a t i o n .  On the   o the r   hand ,   p re l imina ry   cons ide ra t ions   i nd ica t e   t ha t  
p r a c t i c a l  E - r e g i o n  s i m u l a t i o n  i s  extremely complex due to  the charac-  
ter is t ic  low p r e s s u r e s  a s s o c i a t e d  w i t h  mean f ree  pa ths  which  are d i f -  
f i c u l t , i f  n o t  i m p o s s i b l e ,  t o  accommodate i n  p r e s e n t - d a y  vacuum chambers. 
1 9  
S o l a r  U l t r a v i o l e t  a n d  X-Ray Spectrum 
The r a d i a t i o n  i n  t h e  u l t r a v i o l e t  r e g i o n  is  o n l y  a small f r a c t i o n  
o f   t he   t o t a l   emi t t ed   by   t he   sun .  However, t h e  u l t r a v i o l e t  r a d i a t i o n  
i s  o f  p r imary  ae ronomic  impor t ance  in  the  d i scuss ion  o f  t he  s imula t ion  
of  the  D and E reg ions  s ince  most  a tmospher ic  gases  absorb  s t rongly  a t  
wavelengths  be low 3000%,  and  the  absorp t ion  processes  s ign i f icant ly  
a f fec t   the   chemica l ,   thermal ,   and  e l ec t r i ca l  p rope r t i e s   o f   t he   uppe r  
atmosphere. A s  a r e s u l t  o f  t h e  c u t o f f  a t  about  3000%  of  ground-based 
spec t r a l  obse rva t ions ,  mos t  o f  ou r  knowledge  o f  so l a r  u l t r av io l e t  
r a d i a t i o n  h a s  b e e n  o b t a i n e d  o n l y  d u r i n g  t h e  p a s t  d e c a d e  f r o m  r o c k e t ' s  
and s a t e l l i t e s .  
R a d i a t i o n  i n  t h e  2000 t o  2900% r e g i o n  i s  a b s o r b e d  i n  t h e  H a r t l e y  
bands  and  continuum  of  ozone  between 25 and 75 km. Molecular  oxygen 
above  100 km i s  t h e  p r i m a r y  a b s o r b e r  o f  r a d i a t i o n  i n  t h e  1 3 0 0  t o  
20008  region.  Between  1000  and  13002, some r a d i a t i o n  p e n e t r a t e s  t o  
lower   a l t i tudes   th rough  nar row windows i n  t h e  02. An impor t an t   f ea -  
t u r e  i n  r e s p e c t  t o  i o n o s p h e r i c  f o r m a t i o n  i s  t h e  p e n e t r a t i o n  t o  75 km 
a t  one such window of  Hydrogen Lyman-Q (12162) .   The   in tens i ty   o f  
Lyman* a t  t he  top  o f  t he  a tmosphe re  i s  about  6 e r g s  cm-2  sec -1 2-1 
o r   n e a r l y   o n e - h a l f   t h e   t o t a l   b e l o w   1 3 0 0 2 .   S e v e r a l   s o l a r   e m i s s i o n  ' 
l ines  below 10008 are cu t  o f f  by  molecu la r  n i t rogen  above  1 2 0  km. 
Photo ioniza t ion   cont inua   o f02 ,  nd  N a b s o r b   r a d i a t i o n  a t  
4008,   the   depth   o f   pene t ra t ion   in to   the   a tmosphere   increases .   Sof t  
X-rays a t  wavelengths  below 100% are predominant ly  responsible  for  the 
ionospheric  E-region electron densi ty .  Hard X-rays below 10% wave- 
l eng th  and  r ad ia t ion  a t  wave leng ths  1000  to  13008 c o n t r i b u t e  t o  t h e  
formation of  the D r eg ion .  
wavelengths  below  8008 a t   b o u t  . A t  wave leng ths   sho r t e r   t han  
I n  F i g u r e  10,  t h e  a l t i t u d e  o f  u n i t  o p t i c a l  d e p t h ,  i .e .  when the 
s o l a r  r a d i a t i o n  becomes e q u a l  t o  l l e  of i t s  v a l u e  a t  t h e  t o p  of t h e  
atmosphere,  i s  p l o t t e d   f o r   t h e   u l t r a v i o l e t   s p e c t r a l   r e g i o n .   I n   F i g -  
u r e s  11 through  13 ,   a tmospher ic   t ransmiss ion   curves  are shown f o r  
several impor tan t   emiss ion   l ines   and   wavelengths .  The u l t r a v i o l e t  
s p e c t r u m  h a s  b e e n  o b s e r v e d  i n  d e t a i l  t o  a b o u t  10051, and the main out-  
l i n e  i s  known t o   a b o u t  6%. Beyond t h i s  limit our  knowledge i s  ske tchy ;  
h o w e v e r ,  d u r i n g  l a r g e  s o l a r  f l a r e s ,  t h e  d e t e c t a b l e  s p e c t r u m  h a s  b e e n  
e x t e n d e d   t o  18. The v i s i b l e  a n d   n e a r   u l t r a v i o l e t   s p e c t r a l   r e g i o n s   c o n -  
t a i n  a continuous emission background on which are super imposed  tens  
o f  t housands  o f  F raunhofe r  abso rp t ion  l i nes  o f  va r ious  in t ens i t i e s  and  
wi th   i nc reas ing   dens i ty   t oward   sho r t e r   wave leng ths .  The continuum 
emanates  from  the  base  of  the  photosphere  and  corresponds  approximately 
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Figure  11. P.enetrat ion of the  atmosphere by s o l a r  X-rays 
a n d  u l t r a v i o l e t  r a d i a t i o n . [ 2 0 ]  
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Figure 12. Atmospheric  transmission  for  different  wavelengths  in  the 
X-ray  and  ultraviolet regions.[21] 
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Figure  13 .  P e n e t r a t i o n  of the atmosphere by s o l a r  u l t r a v i o l e t  
r a d i a t i o n .  [22J :  
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t o  a blackbody a t  6000°K. Toward t h e   f a r   u l t r a v i o l c t ,   t h e   e m i s s i o n  
occur s   h ighe r   i n   t he   pho tosphe re .  A t  these  wavelengths  the  cvntinuum 
f a l l s  abrupt ly ,   and  a t  around  2100g,  the  intensity  of  the  continuum 
becomes abou t  equa l  t o  the  co re  in t ens i t i e s  o f  t he  F raunhore r  l i ncs ,  
a l t h o u g h   t h e s e   l i n e s  are s t i l l  d i s t i n g u i s h a b l e   t o   1 5 3 0 8 .   R a d i a t i o n  a t  
1300 t o  1 5 0 0 8  o r i g i n a t e s  a t  the top of  the photosphere and corresponds 
r o u g h l y  t o  a blackbody a t  4700°K,  t h e  minimum t e m p e r a t u r e  i n  t h e  s o l a r  
a tmosphere .   S ta r t ing  a t  about  18508,  chromospheric  emission  l ines arc 
o b s e r v a b l e  i n  the spec t rum,  and  in to  the  ex t r eme  u l t r av io l e t  r eg ion  
they become predominant  above  the  weakening  continuum. Below 10008, 
the emiss ion   l ines   occur   p redominant ly  i n  the   corona.  The spectrum 
10 to   10008  resembles   approximate ly  a blackbody  of  500,000°K. Thc 
most  predominant  of  the  chromospheric  and  coronal  c.mission  l ines  arc 
t h e  Lyman s e r i e s  and  resonance  l ines  of  neut ra l  and  s ingly  ion ized  
helium.  Most  emission  l ines  above 800g have   been   ident i f ied   whi le   on ly  
about  one-half  of  those below 8008 have been idcnt i f ied with cer ta inty.  
The i n t e n s i t y  o f  t h e  s o l a r  v i s i b l e  and u l t r a v i o l e t  e m i s s i o n  v a r i e s  
l i t t l e  th roughou t   t he   so l a r   cyc le .  However, the  X-ray  emission  below 
1002 i s  h i g h l y  v a r i a b l e  and i s  s u b j e c t  t o  b o t h  s h o r t - t e r m  and  long- 
term e f fec t s .   X- rays  a t  wavelengths 44 t o  6 0 8  exh ib i t   an   i nc rease   by  
a f a c t o r  of  seven  from  sunspot minimum t o  maximum. There i s  an i n -  
crease by a f a c t o r  o f  n e a r l y  f i f t y  f o r  t h e  8 t o  20% r e g i o n  and  by 
a f ac to r   o f   s eve ra l   hundred   fo r  2 to 88.   Figure 14 shows the  X-ray 
e n e r g y   f l u x   f o r   v a r i o u s   s o l a r   c o n d i t i o n s .  The d a t a   w e r e   c a l c u l a t e d  
from  X-ray  photometer  responses  assuming a s impl i f i ed  fo rm of  the  
unknown so lar  emiss ion  curve .  
I n  1 9 6 2 ,  GCA [ 2 4 ]  published a p r e s e n t a t i o n  o f  t h e  s o l a r  u l t r a -  
v i o l e t   f l u x   f r o m   5 0   t o  3000s. A c u r r e n t  l i t e r a t u r e  s e a r c h  h a s  d i s -  
c l o s e d   t h a t   t h e  material i s  s t i l l  va l id .   Consequen t ly ,   t h i s  d a t a  
on cont inuum and emission l ine photon f luxes,  appearing in  Tables  
4 and 5 and Figures  15 through 1 9  w i l l  b e  used  in  the  p re sen t  s tudy .  
The compi l a t ion  was b a s e d  e s s e n t i a l l y  on t h e  work  of  Watanabe [ 2 5 ] ,  
Hin te regge r  [ 2 6 I  , Tousey [ 2 7 1  , and Johnson [ 28 1 .  
Between 50 and 18508,  the major  emission l ines  were d i s t i n g u i s h e d  
from  the  continuum  and are p r e s e n t e d   s e p a r a t e l y .  The continuum  and 
weak l i n e s  are lumped t o g e t h e r .  The e m i s s i o n  l i n e  d a t a  p r e s e n t e d  b y  
Watanabe  and  by  Tousey were modtfied t o  r e f l e c t  t h e  m o s t  r e c e n t  meas- 
urements   by  Hinteregger .  Beyond 18508,   emission  l ines   could  not   be 
resolved  f rom  the  cont inuum. Below 283g, the   absence   o f   emiss ion  
l i n e s  m e r e l y  r e f l e c t s  the lack  of  exper imenta l  da ta .  
I n  the  nea r  u l t r av io l e t ,  t he  da t a  pub l i shed  by  Johnson  and  by  
Tousey agree down t o  24008; b u t  a t  s h o r t e r  w a v e l e n g t h s ,  t h e y  d i f f e r  
25 
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F i g u r e   1 4 .   S o l a r   X - r a y   e n e r g y   f l u x   f o r   v a r i o u s   s o l a r  
. cond i t ions .  [ 23 3 
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TABLE 4 
SOLAR PHOTON  FLUX - CONTINUUM TO 30002 
AT THE TOP OF EARTH ATMOSPHERE 
Ref. : (a) 0-16252; K.Watanabe  (see Atmospheric Processes, P.Nawrocki 
and  R.Papa, Pergamon Press, 1962). 
(b)  1525-26258; C.R.Detwiler  et  al. , Ann. de Giophysique, x, 
(c) 2525-3025 63 (19618. ; F.S.Johnson,  J.Meteor., 11, 431  (1954). 
- ~~ 
~ ." .~ ~~ "_ - 
~ 252 
E/%otonA Total Flux Photon  Flux
. " ~~ 
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TABLE 4 (continued) 
SOLAR  PHOTON  FLUX - CONTINUUM TO 30001 AT . 
THE TOP  OF EARTH ATMOSPHERE 
A 2 25x E/Photonx Total  Flux Photon  Flux 
2 ergs photon 
-1 ergs sec-l (508)-l  photon c m m 2  sec-1(502)-1 
(x l o - l l )  (x 10 1 13 
~ ~ 
$4750  1.1350  12.0  0.106 
1800  1.1034  18.4  0.167 
1850  1.0736  28.0  0.261 
1900 1.0454  40.9  0.391 
1950  1.0186  55.0  0.540 
2000 0.99310  70.0  0.705 
2050 0.96888  90.0  0.929 
2100 0.94581  145.0  1.53 
2150 0.92381  240.0  2.60 
2200 0.90282  310.0  3.43 
2250 0.88276  350.0  3.96 
2300 0.86357  360.0  4.17 
2350 0.84519  320.0  3.79 
2400 0.82758  340.0  4.11 
2450 0.81069  390.0  4.81 
2500 0.79448  380.0  4.78 
2550 0.77890  560.0 7 .19  
2600 0.76392  700.0  9.16 
(c) 2550 0.77890 490.0  6.29 
2600 0.76392 765.0 10.00 
2650 0.74951 975.0  13.00 
2700 0.73563 1115.0  15.20 
2750 0.72225 1185.0  16.40 
2800 0.70936 1325.0  18.70 
2850 0.69691 1815.0  26; 00 
2900 0.68490 2510.0  36.60 
2950 0.67329 3210.0  47.70 
3000 0.66207 3140.0  47.40 
~~~ 
*Reference (b) continued [note that a t  A = 1750A, photon f lux  changes from 
(x l o l o )  t o  (x 10 )] .  13 
r\ A-t-25 r 
Total  Flux I = 
4 - 2 5  
¶ Photon Flux Q = & 
A 
E/Photonhj Ref. (a )  = E/Photo\+25 -
E/Pho ton = &/Photon A A ’  hc = 1.9862 x 10 erg  cm 
- 16 
Ref. (b) , (c) ,. 
TABLE 5 
SOLAR PHOTON  FLUX - EMISSION LINES TO 18508 
AT THE  TOP  OF EARTH ATMOSPHERE 
Ref: (a) 520-16008; K.Watanabe  (see  Atmospheric  P'rocesses,  P.  Nawrocki 
and R. Papa,  Pergamon  Press, 1962). 
263  (1961). 
(flux  measurements  performed  August 1961). 
(b) 1600-185Ow; C.R. Detwiler,  et  al., Ann. de  Gebphysique, 2, 
t(c) 283-1215.78; H.E.  Hinteregger,  et  al.,  Private  Communication 
". " - _ _ ~  
Identifica- Mean X E/Photo\  Photon 
~~ 
x t i o n  in Group  Flux  Flux
ergs  cni2  Photon  cm - 2  
s s -1 -1 -1 
9 
ergs  photon sec s ec 
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* Indicates a blend of 1.ines of the  same  and/or  other  elements  or an unresolved 
multiplet. 
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TABLE 5 (continued) 
SOLAR PHOTON  FLUX - EMISSION  LINES TO l850g 
AT THE TOP OF EARTH  ATMOSPHERE 
Identifica-  Me n X E/Photonl Photon x t ion  in  Group  Flux  Flux 
- 2  ergs cm photon cm - 2  
s 2 ergs  photon  sec -1 -1 sec -1 
(x lo-11) (x 10 9 1 
1127" Si  111, etc. 1 1 2 7  1.7624 0.02  1.1 
1134 N I  1.7515 0.01 0.57 
1140 C I  1.7423  0.02 1.1 
1152" 0 I, etc. 1157 1.7167 0.04  2.3 
11707'1 1170 1.6976 0.03  1.8 
1175 c I11 1.6904 0.15  8.8 
ll90;'c 1191 1.6677  0.02 1 . 2  
1200 N I  1.6552  0.02 1 . 2  
9 1206.5 S i  I11 1.6462 0.08  5.1 
t 1215.7 LY a: 1.6338 5.0 310.0 
1239 N V  1.6031  0.03 1 . 9  
1243" N V  1245 1.5954  0.03 1 . 9  
1260;k s I1 1258 1.5789 0.03 1 . 9  
1263:; Si I1 1265 1.5702 0.04  2.5 
1 2 7 7 9: 1 2 7 7  1.5554 0.03 1 . 9  
1294;'; 1294 1.5350 0.04 2 . 6  
1302,05,06 0 1  1304.5  1.5225 0.18 12.0 
1320*  1320 1,5047  0.06 4.0 
1335,36 c I1 1335.5  1.4872  0.30 20.0 
1335" 0 I, etc. 1335 1.4659 0.05  3.4 
1394 Si  IV 1.4249 0.12  8.4 
1403 Si  IV 1.4157  0.08  5.6 
1430:~ S I,  etc. 1430 1.3890 0.03 2 . 2  
1462+~ 1462 1.3586  0.03 2.2 
1480* S I, etc. 1482 1.3403 0.05  3.7 
1527,33 Si I1 1530 1.2982 0.07  5.4 
1548 c IV 1.2831  0.17  13.0 
1551 c IV 1.2806  0.12  9.3 
1560;k C I, etc. 1559 1.2741 0.10 7 . 8  
(b)  1640.5 He  I1 1.2108 0.07  5.8 
1657.0 C I  1.1987  0.16  13.0 
1670.8 A 1  I1 1.1888  0.08 6 . 7  
1808.0 Si I1 1.0986 0.15  14.0 
1817.4 Si  I1 1.0929 0.45  41.0 













Figure 16. S o l a r  photon  f l u x  - continuum 1000-20008 
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Figure 19. S o l a r  photon  flux - Emission 
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by a f a c t o r  t h a t  r e a c h e s  two a t  2200g.  The  two sets were  joined a t  
26008 by the method out l ined in  Table  4 .  I n  t h e  f a r  u l t r a v i o l e t ,  
the  discrepancy between Tousey and  Watanabe was no t  cons i s t en t ,  and  the  
two sets of d a t a  were a r b i t r a r i l y  j o i n e d  a t  1600%. 
I n  F i g u r e s  15 through 1 9 ,  t h e  p u r e  e x p e r i m e n t a l  d a t a  are p l o t t e d  i n  
two c lear  and  unambiguous  presenta t ions  of  the  tabula t ion ;  the  p lo ts  pro-  
v i d e  a convenient  compar ison  of  the  cont r ibu t ion  of  major  emiss ion  l ines  
w i t h  t h e  c o n t r i b u t i o n  of the  continuum  and  weak  l ines.  As i n d i c a t e d  i n  
t h e  t a b u l a t i o n ,  some o f  t h e  i n d i v i d u a l  e m i s s i o n  l i n e s  c o n t a i n  c o n t r i b u -  
t i ons  f rom the  same a n d / o r  o t h e r  e l e m e n t s  o r  u n r e s o l v e d  m u l t i p l e t s .  
The e r r o r s  i n  t h e  i n t e n s i t y  v a l u e s  r e p o r t e d  by  the  var ious  sources  
are as fol lows:   for   wavelengths   longer   than  2600g,   the maximum e r r o r  i s  
10 pe rcen t ;  fo r  wave leng ths  500 t o  2600g, a f a c t o r  of  two; 80 t o  5002, a 
fac to r  o f  t h ree ;  be low 801, a g a i n  a f a c t o r  o f  two. 
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111. REVIEW OF  METHODS OF SIMULATION 
Charged  Pa r t i c l e s  
We f i r s t  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  s i m u l a t i n g  c h a r g e d  p a r t i c l e s  
i n  t h e  D and E regions.   Consider ing  the  most   up-to-date   measurements  
and  the  l a t e s t  and  most a u t h o r i t a t i v e  l i t e r a t u r e ,  t h e  f o l l o w i n g  s p e c i e s  
are considered:  Of, O l ,  0;) 0-, NO+ and NO;. 
Although i t  was a s c e r t a i n e d  t h a t  v e r y  f e w , i f  any, adequate  charged 
p a r t i c l e  s i m u l a t o r s  a r e  i n  e x i s t e n c e ,  t h e  l i t e r a t u r e  wag su rveyed  in  
some d e t a i l  t o  d e t e r m i n e  n o t  o n l y  w h a t  was a v a i l a b l e  b u t  a l s o  w h a t  
laboratory experiments  have been performed concerning the generat ion and 
subsequent   s tudy   of   charged   spec ies   in   the   l abora tory .   S inger   and  
Chopra  [29]  and  Chopra [3OI made some a t t e m p t s  w i t h  s e p a r a t e  e l e c t r o n  
and  ion  beams;  however, i n  g e n e r a l ,  t h e y  w e r e  u n s u c c e s s f u l .  
Studies  by G. Wehner  and B .  Meckel,  on the other hand, have been 
promising.   Their   technique,   in   which a space-charge  neutral   low-energy 
plasma beam is produced provides  an experimental  condi t ion whereby the 
motion of a s a t e l l i t e  through an  ion ized  medium can be s imulated.  
Meckel  [31]  has  used a low p res su re ,  h igh  dens i ty ,  s ing ly  cha rged  ion  
plasma produced  from a pool- type  mercury-arc   discharge  system. From 
t h i s  plasma, i ons  are e x t r a c t e d  by a c c e l e r a t i n g  them t o  and  through a 
mesh p l aced  such  tha t  a f a i r l y  w e l l  d e f i n e d  para l le l  beam of  ions i s  
produced  with a p r e d e t e r m i n e d   v e l o c i t y .   I n   o r d e r   t o   p r e v e n t   s p a c e -  
charge  defocus ing  of  the  beam, a ho t  f i l amen t  emits e l e c t r o n s  i n  t h e  
v i c i n i t y  o f  t h e  plasma and  thus  prevents  the  la t te r  f rom acqui r ing  a 
l o c a l i z e d  c h a r g e  d e n s i t y .  
I n  M e c k e l ' s  o r i g i n a l  s e t u p ,  t h e  o p e r a t i n g  p a r a m e t e r s  w e r e  a back- 
g round   p re s su re   o f   t o r r   and   an   ope ra t ing   a s   p re s su re   va r i ab le   be -  
tween 5 and 0.001~ Hg pe rmi t t i ng  s imula t ion  f rom 82 t o  approx ima te ly  
210 km. The mean f r e e  p a t h s ,  t h e r e f o r e ,  are l a r g e   u n d e r   t h e s e   e x p e r i -  
m e n t a l   c o n d i t i o n s .   I n   a d d i t i o n ,   t h e  plasma c h a r a c t e r i s t i c s   y i e l d   a n  
a v a i l a b l e  i o n  t h e r m a l  v e l o c i t y  i n  the o r d e r  of lo5 cm/sec which i s  
random i n  d i r e c t i o n ,  a n  u n i d i r e c t i o n a l  a p p a r e n t  o r b i t a l  body v e l o c i t y  
of l o6  c m / s e c ,  a n  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  w h i c h  is  random i n  
s p a c e  a v e r a g i n g  i n  t h e  v i c i n i t y  o f  l o 7  cm/sec and f i n a l l y  i o n  d e n s i t i e s  
of 4 x 106 ions/cm 3 . 
Other similar s tudies  have been performed by D. Hall, e t  a l .  [32] ,  
and E. Knechtel  and W. P i t t s   [33 ] .   Us ing  a modi f ied  C s  ion   engine ,  Hall, 
e t  a l .  [32],  have  produced a d i l u t e  c o l l i s i o n l e s s  p l a s m a  whose d e n s i t y  
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TABLE 6 
SIMULATION OF N O W  SHEATHS BY VARIOUS LABORATORIES [34I 
(ZERO MAGNETIC FIELD) 
SPACE STL NASA RCA 
2x10 4 3x1o5 - 1 . 2 ~ 1 0  7 lo8  
- 0 - 400 -105 - -200 
50 0.94 - 2.54 0.95 - 1.25 
2x10 1 . 5 4 ~ 1 0 ~  - 1 . 5 4 ~ 1 0  3 . 2 8  x 10 3 4 4 
lo4  1.1 x 10 4 8x106 - 1 . 6 ~ 1 0  7 
W 20 5 
(He) 6 . 6 8 ~ 1 0 - ~ ~  (cs)  2.22 x (Hg)3.36 x 
85.6 494 608 
1o1O 
0 - ' -100 
0.5 
7 . 7 4 ~ 1 0  ( 1  eV) 3 
2 x 10 
20 
(Li) 1 . 1 6 9 ~ 1 0 - ~ ~  
4 
113.5 
ranges from a maximum of about l o 6  ions/cm3 to  approx ima te ly  lo3  ions  
f o r   d e t a i l e d   s t u d i e s   o f  wake s t r u c t u r e .   T h i s ,  of   course,   s imulates  
a l t i t u d e s  from several hundred km t o  approx ima te ly  seve ra l  t housand  km. 
Knechtel  and P i t t s  [33]  have made some e x p e r i m e n t a l  i n v e s t i g a t i o n s  of 
e lectr ic  d rag  on satel l i tes  wi th  appara tus  modeled  a f te r  Meckel ' s  sys tem.  
Another  system which al lows ions to  be s imulated under  some geo- 
phys ica l   condi t ions   has   been   advanced   by  I. P. Shkarofsky   [341 .   In  
e s s e n c e ,  h i s  a p p a r a t u s  i n v o l v e s  f i r i n g  a condenser  bank  and  ionizing 
metals (such as B a y  Na o r  L i )  which are coa ted   on   the   e lec t rodes .   Rather  
h i  h i o n  v e l o c i t i e s  a n d  d e n s i t i e s  are obtained,  namely 3  x l o 6  cm/sec  and 
10 !? 2 ions /cm3 respec t ive ly .  Some d e c r e a s e  i n  i o n  d e n s i t y  i s  no t i ced  as 
t h e   s t r e a m  i s  al lowed  to   expand.  However, t h e s e   f l u x e s  are s t i l l  some- 
what   excess ive   for   ionospher ic   s imula t ion .   Table  6 summarizes some of 
t h e  p e r t i n e n t  parameters tha t  were  ob ta ined  by  l abora to ry  s imula t ion  in  
some of  t h e   l a b o r a t o r i e s   u n d e r   z e r o   m a g n e t i c   f i e l d .   O t h e r   p e r t i n e n t  
d a t a  a r e  g i v e n  i n  T a b l e  7,  i n  which a comparison of parameters found in 
n a t u r e  and in  the  l abora to ry  gene ra l ly  a re  summar ized .  
TABLE 7 
COMPARISON OF PARAMETERS FOUND I N  NATURE AND I N  LABORATORY [35 1 
Charge 
C h a r a c t e r i s t i c   P a r t i c l e   P a r t i c l e   M a g n e t i c  
Leng th   Dens i ty   Ve loc i ty   F i e ld ,  
cm cm-3 cm/sec  gauss 
Galaxy loo  ... 
Magnetosphere 1o1O lo1 10 10 -3 
Ionosphere 10 lo3  - 10 ... 10 
Labora tory  loo  - 10 
6 
1 1 0 l 2  - 10 l o 6  - l o 7 .  lo3 - 10 15 6 
A s  p a r t  o f  t h i s  review, it  i s  cons ide red  appropr i a t e  t o  men t ion  some 
so la r  w ind  magne tosphe re  s imula t ion  s tud ie s  wi th  ze ro  magne t i c  f i e ld .  
These were performed  primarily  by  Osborne, e t  a l . ,  [361,  Bost ick,  e t  a l . ,  
[ 3 7 ] ,  C l a i d s ,  e t  a l . ,  [38],   and Kawashima [39].- The s t a t e  of a r t  i s  sum- 






OSBORNE  T AL 
(1964) (RCA 
YICTGRr C_+@A)_ 
CLADIS  ET At 
(1964) (LOCKHEED 
!.S_-A.)_ - - - - 
BOSTICK  ET AL 
(1962) (STEVENS 
INST. , U. S. A. ) 
"""" 
KAWASHIMA ET AL 
(1964) (UNIV. OF 
TABLE 8 
EXPERIMENTAL  PARAMETERS  FOR  SINULATION OF SOLAR  WIND-MAGNETOSPHERE  INTERACTION 
I S O L A R  W I N D  
Trapped 
Charged  Electron  Magnet ic  
P a r t i c l e   T e m p e r a -   V e l o -   F i e l d  
D e n s i t y   t u r e   D u r a t i o n   c i t y   I o n   S t r e n g t h  
(cm-3) (OK) ( sec)   (cm/sec)   Spe ies   (Tes las )  
5  2x10 5 10 ( I n i t i a l   5 x 1 o 7  H 5x 10 -' 4 
. . " " " " " " _  Pas: PeEiod2 - - - - - - - - - - - - - - - 
2x10 l3 3x10  20P  2x10 Na,Ba 0 4 
. " " " " " " " " " " " " " " " " " -  
5 ~ 1 0 ' ~   2 . 3 ~ 1 0  4 2% 6x10 
6 
H2 0 
" " " " " " " " _ " " " " " " " " "  
n o t  1% 2x10 c u  0 
s p e c i f i e d  
" - " " " " " " " " " " " " " " " " -  
not  15P  3x106  He,A 0 
s p e c i f i e d  
SCALING FACTORS I -1013 4 .1  -5x10-' 4.1 2-137 0 - 1 . 4 ~ 1 0 '  
( c h a r a c t e r i s t i c  
Time S c a l i n g  
F a c t   o r )  
I 
D I P O L E   F I E L D  
S t r e n g t h  
a t  
E q u a t o r   T e r r e l l a  
D u r a t i o n   o f   T e r r e l l a   R a d i u s  
( sec )   (Tes l a s )  (cm) 
cc 3 . 1 1 ~ 1 0 - ~   6 . 3 7 ~ 1 0  8 
"""""""" 
5 x 1 0 ~ ~  0.4 3 
"""""""" 
not   0 .074  2 .9  
S p e c i f i e d  
"""""""" 
2 .  ~ X I O - ~  0 .25   Rec t   . co i l  
(lcm i n  5cmx37cm , 
f r o n t )  (2dim. 
"""""" dlp:le_) - 
4 ~ 1 0 - ~  2 1 
"""""""" 
n o t  1 1.1 
s p e c i f i e d  
"""""""" 
- x lo4 "5x10-? 
( c h a r a c t e r i s -  
t i c  L e n g t h  
Sca l ing   Fac  - 
t o r  
Photo ioniza t ion   s imula tor .   Notwi ths tanding  some o f   t he   unce r t a in -  
t i e s  of  charged  par t ic le  product ion  and  composi t ion ,  the  poss ib i l i ty  
e x i s t s  of approximating the charged par t ic le  dens i ty  o f  a t  l e a s t  a p a r t  
o f  the  D r e g i o n  b y  p h o t o i o n i z a t i o n ,  p a r t i c u l a r l y  s i n c e  r a d i a t i o n  s o u r c e s  
in  the  uv  and  X-ray  reg ion  are ava i lab le  which  can  produce  rad ia t ion  
f l u x e s  c o n s i d e r a b l y  i n  excess o f  t h e  s o l a r  f l u x .  
Th i s  mechanism of i on  p roduc t ion  has  impor t an t  imp l i ca t ions ,  s ince  
it would f a c i l i t a t e ,  o v e r  a l imited volume,  a t  least ,  a good s i m u l a t i o n  
o f  t h e r m a l  c h a r g e d  p a r t i c l e  d e n s i t i e s  i n  t h e  p r e s e n c e  o f  a r e l a t i v e l y  
h igh   neu t r a l   ambien t   dens i ty .  One could   thus ,   for   example ,   per form  ca l i -  
brat ion of  Langmuir  probes a t  a s imula ted  a l t i tude  leve l  where  probe  
behavior  i s  not  amenable t o  t h e o r e t i c a l  e v a l u a t i o n .  
To d e m o n s t r a t e  t h e  f e a s i b i l i t y  of s imulat ing the charged par t ic les  
i n  a s i m u l a t i o n  chamber  by  photo ioniza t ion ,  the  fo l lowing  ca lcu la t ion  i s  
p e r f o r m e d   f o r   a n   i n f i n i t e   c y l i n d r i c a l   v e s s e l   o f   r a d i u s  R The v e s s e l  
c o n t a i n s  a gas which is  ion ized  by a n  i n f i n i t e  c o - a x i a l  c y l i n d r i c a l  
beam  of i o n i z i n g   r a d i a t i o n  of r a d i u s  R (Figure 20) .  
2 '  
1 
The fo l lowing  p rocesses  are r e s p o n s i b l e  f o r  t h e  d i s t r i b u t i o n  of 
i ons  : 
I o n i z a t i o n :  The ra te  of i o n i z a t i o n  a t  t h e   o p e r a t i n g   p r e s s u r e  i s  
assumed t o   b e  q ions  /cm 3 /sec. 
P 
Di f fus ion :  The d i f f u s i o n  i s  assumed to   be   ambipolar   wi th  a d i f -  
f u s i o n   c o e f f i c i e n t   o f  D c m  / s ec  a t  the   ope ra t ing   p re s su re .  2 
a P  
Recombination: The r e c o m b i n a t i o n   c o e f f i c i e n t  of p o s i t i v e   i o n s   w i t h  
e l e c t r o n s  i s  Q: cmT/sec a t  the  ope ra t ing  t empera tu re .  
The s t e a d y - s t a t e  d i s t r i b u t i o n  o f  i o n s  w i t h i n  t h e  r e g i o n  of t h e  
beam of i o n i z i n g  r a d i a t i o n  i s  given by 
and t h a t  o u t s i d e  t h e  beam i s  g iven  by  the  same equat ion where q i s  zero.  
Equation (1) i s  not: a n a l y t i c a l l y  s o l v a b l e  f o r  a c y l i n d r i c a l  g e o g e t r y .  
Therefore ,  w e  s h a l l  f i r s t  c o n s i d e r  t h e  d i s t r i b u t i o n  o f  i o n i z a t i o n  u n d e r  
d i f f u s i v e  e q u i l i b r i u m  a l o n e .  Later on, w e  s h a l l  f i n d  t h e  e f f e c t  o f  recom- 
b i n a t i o n   o n   t h e   s t e a d y - s t a t e   d i f f u s i v e   d i s t r i b u t i o n .   N e g l e c t i n g   r e c o m -  
b i n a t i o n ,  i.e., neg lec t ing  the  second  term o f  t h e  l e f t h a n d  s i d e  o f  
Equation (1) w e  have 
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Figure 20. Schematic  representation of the  photoionization 
simulator. 
4 2  
D V n = -  2 
aP  qP 
which is  Po i s son ' s  Equa t ion  wi th  a s o u r c e  f u n c t i o n  q ( r )  s u c h  t h a t  
P 
and 
qp(') = q p   f o r  r 5 R1 
q p ( r )  = 0 f o r  r > R1 
Equation (2) c a n  b e  s o l v e d  i n  c y l i n d r i c a l  p o l a r  c o o r d i n a t e s  (r,  a ,  z )  f o r  
s o u r c e  f u n c t i o n  (3)  and the boundary condi t ion,  
n = o f o r r =  R2 ( 4 )  
The s t e a d y - s t a t e  d i s t r i b u t i o n  of i o n i z a t i o n ,  s u b j e c t  t o  t h e  a b o v e  
boundary   condi t ions ,   for  a p o i n t   s o u r c e   s i t u a t e d  a t  (r 0 ) i n s i d e   t h e  
c y l i n d e r  i s  given by [40 I. 0' 0 
where G ( r , @ / r o  (0 ) i s  t h e   a p p r o p r i a t e   G r e e n ' s   f u n c t i o n .   I f   t h e   s o u r c e  
f u n c t i o n  i s  indeFendent of t h e  l e n g t h  z of the  cy l inde r  and  i s  o n l y  d i s -  
t r i b u t e d  as q ( r  @ ), t h e  s t e a d y - s t a t e  d i s t r i b u t i o n  i s  given by,.  
0 0  
n ( r , @ )  = 231 D 1 7 dQ0{ j r d r   [ a n  ( :2 ) 
ap 0 





+s r ro dro kn (+) - n = l  f to n n  2n r n  0 R2 0 
Since   t he   p re sen t   sou rce  f u n c t i o n  i s  i s o t r o p i c  and only depends on r 
as  g iven  by  (3) , w e  f i n d  t h a t  E q u a t i o n  ( 6 )  r e d u c e s  t o  
I n t e g r a t i n g  t h e  a 
have , 
+ j knc+) 
r 
.bove e q u a t i o n  w i t h  a s o u r c e  f u n c t i o n  g i v e n  i n  
wh ich  g ives  the  s t eady  s t a t e  d i f f u s i v e  d i s t r i b u t i o n  o f  i o n s  w i t h i n  t h e  
r e g i o n  of t h e  beam o f  i o n i z i n g  r a d i a t i o n .  
The d i s t r i b u t i o n  o f  i o n s ,  o u t s i d e  t h e  beam o f  i o n i z i n g  r a d i a t i o n  
i s  g iven  by  
which i s  Laplace 's   Equat ion.  The s o l u t i o n  of Equat ion  (9) with  boundary 
c o n d i t i o n  ( 4 )  i s  g iven  by  
44 
n ( r )  = D 
S u b s t i t u t i n g   t h e   a p p r o p r i a t e   v a l u e s  of q and D i n   E q u a t i o n s  (8) 
and ( lo ) ,  w e  c a n  c a l c u l a t e  t h e  d i s t r i b u t i o n  o? ions  In  a ves se l  o f  
c y l i n d r i c a l  symmetry. We s h a l l  now d i scuss   t he   p rocesses   and  parameters 
n e c e s s a r y  t o  c a l c u l a t e  t h i s  d i s t r i b u t i o n .  
GP 
I o n i z a t i o n  
Pho to ion iza t ion .  The r a t e  of i o n i z a t i o n  of a gas  is g iven  by 
Ghosh e t  a l .  [411. 
and 
where 
Pz - p r o b a b i l i t y  o f  i o n i z a t i o n  o f  t h e  g a s  
a t  a d i s t a n c e  z f rom the  en t rance  
n(hv)o - photon f lux of  wave  number v a t  t h e  e n t r a n c e  
kv - a b s o r p t i o n  c r o s s - s e c t i o n  of the gas which i s  assumed 
t o  b e  e q u a l  t o  t h e  p h o t o i o n i z a t i o n  c r o s s - s e c t i o n  
Kvz - is  t r a n s m i s s i o n   c o e f f i c i e n t  of the  gas  column  of l e n g t h  z 
np(x) - concent ra t ion  of  gas  molecules  a t  p r e s s u r e  p 
The summation is  to  be  car r ied  over  the  wavelength  reg ion  which  produces  
t h e   i o n i z a t i o n   o f   t h e   g a s .  The t r a n s m i s s i o n   c o e f f i c i e n t   i n   E q u a t i o n s  
(11) and (12) i s  given  by,  
KLZ 
= exp(  - np(x) . z . 
kV) 
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For low gas pressure and small l e n g t h  z of the chamber for which 
n (x) z kv < 1, 
P 
KYZ i s  assumed t o  b e  e q u a l  t o  1. Under t h e   a b o v e   c o n d i t i o n s   t h e   r a t e  of 
product ion  of  ions  i s  independent of  z and i s  given  by 
The p r o b a b i l i t y  of i o n i z a t i o n  of gases can be computed from the known 
a b s o r p t i o n  c r o s s  s e c t i o n s  of the  gases  and  the  pho ton  f lux  of t h e  u l t r a -  
v i o l e t  s o u r c e s .  
McDaniel [ 4 2 ]  has  summarized  current   information  of   the  photo-  
i o n i z a t i o n   c r o s s   s e c t i o n  of  atmospheric  gases.  The o p t i c a l   a b s o r p t i o n  
c ros s  sec t ions  and  the  r eg ion  o f  pho to ion iza t ion  fo r  d i f f e ren t  a tmos -  
p h e r i c  g a s e s  i s  g i v e n  i n  T a b l e  9.  
TABLE 9 
OPTICAL-ABSORPTION  CROSS  ECTIONS OF ATMOSPHERIC  GASES 









700 k 100 2.2  x 10 
600 ? 200 2.0 x 
900 f 50 1 . 5  x 10 
600 ? 100 2.0 x 
-1 7 
-1 7 
It i s  appa ren t  f rom the  t ab le  tha t  t he  abso rp t ion  c ros s  sec t ions  in  
the  pho to ion iza t ion  r eg ion  o f  t hese  a tmosphe r i c  gases  is  about 10-17 c m  2 
and  peak  absorpt ion l i es  between  950  and 4002. Consider ing   the   charac-  
t e r i s t i c s  o f  l a b o r a t o r y  l i g h t  s o u r c e s  of vacuum u l t r a v i o l e t  r a d i a t i o n ,  
46 
i t  c a n  b e  c o n c l u d e d  t h a t  t h e  f o l l o w i n g  s t r o n g  l i n e s :  Lyman Q: (1215.52, 
10l6 photon/sec)  , Lyman B (1025. 72, - 1O1O photons /sec)  , t o g e t h e r  w i t h  
o t h e r s  a t  lower  wavelengths  can  be  used  for  the  hoto ioniza t ion  of  NO. 
0 can be photoionized by Lyman I3 (1025.7x, - 10 P photons /sec)  ; C I11 
(677.08, 1O1O photons /sec)  as w e l l  as r a d i a t i o n  a t  lower wavelengths.  
However, N2 can  be  e f f ec t ive ly  pho to ion ized  on ly  by  H e ,  I (584.5g,  10 
pho tons / sec ) .   I n   Tab le   10   t he   pho ton   f l ux   (pho ton / sec )   o f   t he   va r ious  
l a b o r a t o r y  l i g h t  s o u r c e s  of vacuum u l t r a v i o l e t  r a d i a t i o n  i s  g iven  
toge the r   w i th   t he   appropr i a t e   abso rp t ion   c ros s   s ec t ions .   Tab le  11 shows 
t h e  maximum p h o t o i o n i z a t i o n  p r o b a b i l i t y  o f  some atmospheric gases which 
can   be   ob ta ined   i n   t he   l abo ra to ry .   Tab le  1 2  shows t h e  maximum r a t e  of 
i on  p roduc t ion  pe r  cm3 . a t  1p p r e s s u r e .  It can  be  concluded  from  Table 
1 0  t h a t  w i t h  t h e  a v a i l a b l e  s o u r c e s  a n  i o n  p r o d u c t i o n  ra te  of  about l o 6  
ions/cm3 sec a t  1p  can  be  obta ined .  
10 
I o n i z a t i o n   b y   f a s t   e l e c t r o n s .  The measurements [ 4 3 ,  441 of lasmas 
t o r r  i n d i c a t e  t h a t  i o n  d e n s i t i e s  many t i m e s  t h e  e l e c t r o n  beam den- 
gene ra t ed   by   e l ec t ron  beams in   gases   i n   t he   p re s su re   r ange   o f   t o  
s i t y  c a n  b e  g e n e r a t e d .  A t  t h e s e  p r e s s u r e s ,  t h e  s c a t t e r i n g  s u f f e r e d  by 
t h e  beam e l e c t r o n s  i s  v e r y  small. A t  h ighe r   o r   l ower   p re s su res ,   t he  
s i t u a t i o n  i s  d i f f e r e n t .  A t  ve ry  low pressures,   the  plasma  formed  by 
t h e  beam i s  t y p i c a l l y  of  about  the same d e n s i t y  as the  beam. A t  h igh  
p r e s s u r e s ,  t h e  beam i s  s c a t t e r e d  so r a p i d l y  t h a t  o n l y  v e r y  s h o r t  
chambers  can  be  used.  However, i n  some c a s e s ,  e l e c t r o n  beam i o n i z a -  
t i on  can  be  used  in  p l ace  o f  pho to ion iza t ion .  The advantages  of  using 
e l e c t r o n  beam i o n i z a t i o n  are a h ighe r  r a t e  o f  i on  p roduc t ion  and b e t t e r  
c o n t r o l l a b i l i t y  of t h e  e l e c t r o n  beam d e n s i t y  a s  compared t o  t h e  p h o t o n  
beam d e n s i t y  . 
The ra te  of  pr imary  ion iza t ion  per  cm3 produced by an electron beam 
is  given by 
q = I. N. ai(E) 
where, 
I =  
oi(E) = 
N =  
Recently,  McDaniel 
number o f  e l e c t r o n s / c m 2  s e c  i n  t h e  e l e c t r o n  beam 
i o n i z a t i o n  c r o s s - s e c t i o n  of the  gas  by  e lec t rons  of  
energy  E (eV) 
number d e n s i t y  of g a s  m o l e c u l e s  i n  t h e  v e s s e l .  
[42I and  Hasted [45I have  rev iewed the  ion iza t ion  
c r o s s - s e c t i o n s  o f  v a r i o u s  g a s e s  b y  e l e c t r o n  bombardment.  The d a t a  are 
summarized in  Tab le  13 .  
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TABLE 10 
ABSORF'TION  CROSS  ECTIONS OF ATMOSPHERIC  GASES AT WAVELENGTHS 
OF THE  STRONG LINES OF LABORATORY UV SOURCES 
\ 
G a s y  f , o w { p m  1 0 l 6  1o1O 1o1O lo8 1010 1.0 
'(!)Flux -2 1215.5  10 5.7  977.0  937.8  584.5  303.8 
Lyman Q: Lyman P c I11 Lyman E He I H e  I1 
Nitrogen 2.44 x 1.0  x 8 . 2  x 1.07 x 1 0 - l ~  2.31 x 10- l~  1 . 2 1  x 1 0 - l ~  
Oxygen 1.85 x 1.25 x 3.98 x 2.0 x 1 . 1 9  x 1.66 x 
Nitr ic  Oxide 3 .7  x 1 0 - l ~  1.07 x 1 0 - l ~  2 .29  x 1 0 - l ~  1.55 x 1 0 - l ~  2.4 x 1 0 - l ~  1.65 x 1 0 - l ~  
Carbon Monoxide " < 1.5 x 4.0 x 1 .5  x 2.26 x 1.14 x 
TABLE 11 
PROBABILITY OF IONIZATION, P sec- l  
A (X) 1215.5  1025.7  977.0  937.8  584.5  303.8 
Nitrogen 0 0 8.2 x 1 0 - l ~  1.07 x 2.31 x 1 . 2 1  x 10-l0 
Oxygen 0 1.25 x lom8 3.98 x 2.0 x 1.19 x 1.66 x 10"O 
N i t r i c  Oxide 3.7 x 1.01 x 2 .29  x 1.55 x 2.4 x 1.65 x 10-l' 




RATE OF PHOTOIONIZATION  AT  1p (ions/cm /set) 3 
Gas q(1215.5A) q (1025.7A)  977.OA)  q(93 .8A)  q(584.5A) q (303.8A) 
Nitrogen 0 0 2.94 x lo5 3.83 x 10 8.3 x 10 4.35 x 10 4 6 3 
Oxygen 0 4.5 x 10 
5 1.43 x 10 7.2 x 10 6 4 4.3 x 10 6.0 x 10 6 3 
Nitric Oxide 1.33 x 10 3.62 x 10 8.25 x 10 5.6 x 10 6 4 8.6 x 10 5.95 x 10 6 3 
Carbon 0 
Monoxide 




IONIZATION CROSS-SECTION (cm ) 2 
ELECTRON ENERGY 
Elec t ron  




O 2  
co 
1.22 x 10-l6  1 .31 x 2 . 7  x 10 - l~  1 x 10-l6  3.5 x 10 - l~  
2.22 x 2 . 6 3 ' ~  1.00 x 2.4 x 1.5 x 
2.13 x 2.9 x 1.1 x 2.4 x 1.5 x 
2.56 x 3.06 x 1.0 x 10-l6  2.6 x 1 .4  x 
It i s  a pare t from the  above  tab le  tha t  the  ion iza t ion  c ross -sec t ion  
of about 10-!6  cm' can be assumed f o r  t h e  i o n i z a t i o n  of atmospheric gases 
by high energy ( - k V) e l ec t rons .  Assuming a pressure of 1p and an elec- 
t r o n  f l u x  of 1p A/cm5, we f i n d  t h a t  t h e  r a t e  of i on iea t ion  is  given by, 
q = 6 x 1 0 l 2  x 3 x 1013 x ions/cm3  sec. 
= 1.8 x l o l o  ions/cm 3 sec. 
The maxi um r a t e  of i o n i z a t i o n  a t  t h i s  p r e s s u r e  by photoionizat ion is  
about 10' ions/cm3,  which is about four orders of magnitude less than  
the  rate of  ionization  produced  by  electron  impact.  The above r a t e  
of ion iza t ion  can  be  fur ther  increased  by  increas ing  the f l u x  o f  t h e  
i n c i d e n t  e l e c t r o n  beams. 
Diffusion.  The d i f fus ion  o f  e l ec t rons  and ions  through a gas i s  
an  impor t an t  p rocess  fo r  con t ro l l i ng  the  d i s t r ibu t ion  of i o n s  i n  a n  
ionosphe r i c   s imu la to r .   I f   t he   dens i ty   o f   i on iza t ion  is low,  each 
charged  par t ic le  spec ies  should  be  cons idered  as. an independent gas. 
The cha rged  pa r t i c l e s  of e i t h e r  p o l a r i t y ,  namely e l e c t r o n s  and p o s i t i v e  
ions ,  d i f fuse  th rough  the  neu t r a l  gas  wi thou t  apprec i ab ly  in t e rac t ing  
w i t h  p a r t i c l e s  of t h e  same o r  of opposite charge.  
51 
r i c k ' s  l a w  o f  d i f fus ion  states: 
j = -D 7 n  (1 7) 
"f 
where J i s  t h e  p a r t i c l e  c u r r e n t  d e n s i t y ,  D is  t h e  d i f f u s i o n  c o e f f i c i e n t  
a n d v n  i s  t h e  d e n s i t y  g r a d i e n t  of t h e  d i f f u s i n g  p a r t i c l e s .  The above 
equa t ion  ho lds  on ly  in  b ina ry  mix tu res  a t  uniform temperatures and 
pressure .  It can be shown that  even with an ion densi ty  of  10 l2  ions 
cm-3 the  thermal  energy  of  ions i s  s e v e r a l  times g r e a t e r  t h a n  t h e  
average  poten t ia l  energy  of  e lec t ros ta t ic  in te rac t ion  be tween ions .  
For   ion   concent ra t ions   l ess   than  l o 7  - 10 ions ~ m - ~ ,  space  charge 
e f f e c t s  a r e  n e g l i g i b l y  small and t h e  e l e c t r o n s  and ions diffuse indepen-  
dent ly .  
8 
The mutual  diffusion of  a s i n g l e  p a r t i c l e  ( e l e c t r o n  o r  i o n )  i n  a 
gas  depends on the  type  of   interact ion  between  the two.  According t o  
the  Chapman-Enskog theory ,  the  ion-a tom mutua l  d i f fus ion  coef f ic ien t  
i s  given by 
where , 
- Mrvo 12  kT 2 




where M i s  the  reduced mass of the  ion-molecule  system, N 1  and N2 are, 
r e spec t lve ly ,   t he   gas  and  ion number d e n s i t i e s ,  i s  a second  order 
c o r r e c t i o n  which i s  u s u a l l y  less than   the   exper imenta l   e r ror .  The i o n i c  
number d e n s i t y  N2 i s  u s u a l l y  less than  the  gas  dens i ty  N1 and,  therefore ,  
can  be  ignored. P12 i s  an  average  of   the  diffusion  cross-sect ions  and 
depends on the  na tu re  of the ion-molecule interaction through the impact 
parameter b and s c a t t e r i n g  a n g l e  8 .  T h e r e f o r e ,  t h e  d i f f u s i o n  c o e f f i c i e n t  




The in fo rma t ion  r ega rd ing  the  d i f fus ion  coe f f i c i en t  o f  i ons  in  
gases  can also be obtained from reduced mobil i ty  data .  The r e l a t i o n  
between the reduced mobility and t h e  d i f f u s i o n  c o e f f i c i e n t  is  given 
by [421 
Ki 1.16 x 10 4 
- = :  
T 
where T i s  the  temperature  of  the  gas.  The ab  ve  r e l a t ion  i s  e x a c t l y  
c o r r e c t  f o r  a n  i n t e r a c t i o n  p o t e n t i a l  V ( r )  a r-' only.   Table 14 g ives  
the  reduced  mobi l i ty  of  some a tmospher ic  ions  in  the i r  paren t  gases .  
TABLE 14 
MOBILITY OF GASEOUS IONS 
- Ion  - Gas Mobil i ty  (cm /vol t   -sec)  2 










A r ep resen ta t ive   va lue  of  about 50 cm s e c  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  
of  atmospheric  ions i s  obtained a t  273'K and 1 tor r  pressure ,  cor respond-  
ing  to  the  r educed  mob i l i t y  of about 2.5 c m  /vo l t - sec .  
2 -1 
2 
The r e l a t i o n  be tween the  e lec t ronic  mobi l i ty  and i t s  d i f f u s i o n  
c o e f f i c i e n t  is given by the following modified expression 1421: 
Ke kT 
De 7 - F  
- =  
where 7 e q u a l s  t h e  r a t i o  o f  t h e  mean t r ans l a t iona l  ene rgy  of t h e  elec- 
t r o n s  t o  t h e  mean thermal energy of the gas molecules.  It should be 
noted that  e lectrons produced by photoionizat ion of  gases  w i l l  have 
the excess energy of the photon. The energy possessed by the photo- 
e l e c t r o n s  i s  e q u a l  t o  h ( v  - v ) where v i s  the  threshold  f requency  of  
0 0 
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i o n i z a t i o n   a n d  v is  the   f r equency   o f   t he   i on iz ing   pho tons .   The re fo re ,  
t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  e l e c t r o n s  s h o u l d  v a r y  w i t h  t h e  wave- 
l e n g t h  o f  t h e  i o n i z i n g  r a d i a t i o n .  It may a l s o  b e  n o t e d  t h a t  h i g h -  
ene rgy  secondary  e l ec t rons  are p roduced  du r ing  the  ion iza t ion  o f  gases  
by f a s t   e l e c t r o n s .  However,  from t h e   p u b l i s h e d   d a t a  [421 o f   e l e c t r o n  
d r i f t  v e l o c i t i e s ,  i t  may b e  c o n c l u d e d  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  
of   low  energy   (approximate ly   thermal )   e lec t rons   in   a tmospher ic   gases  
is' about 5 x lo4 cm2/sec a t  273'K and 1 t o r r .  
I n  t h e  a b o v e  d i s c u s s i o n  we h a v e  c o n s i d e r e d  t h e  f r e e  d i f f u s i o n  o f  
i o n s  a n d  e l e c t r o n s ,  n e g l e c t i n g  t h e  e f f e c t s  o f  e l e c t r o s t a t i c  i n t e r a c t i o n  
and   space   charge2f ie lds .  The d i f f u s i o n   o f   e l e c t r o n s  i s  much more r a p i d  
(De - 5 x 10 4 c m  /sec-' at 273OK and 1 t o r r  ) t h a n  t h a t  of p o s i t i v e  
i o n s  (Di - 50 cm2/sec a t  273OK an  1 t o r r  ,). T h e r e f o r e ,   e v e n   a t  low 
i o n  d e n s i t i e s  (Ni < 1 0 l 2  i o n s  cm-') w h e r e  e l e c t r o s t a t i c  i n t e r a c t i o n  
between  ions i s  n e g l i g i b l e ,  t h e  more r a p i d  d i f f u s i o n  o f  e l e c t r o n s  c a n  
produce   ne t   space   charge   f ie ld   o f   cons iderable   magni tude .   This   space  
c h a r g e  f i e l d  accelerates t h e  d i f f u s i o n  o f  p o s i t i v e  i o n s  a n d  r e t a r d s  
t h e   d i f f u s i o n   o f   e l e c t r o n s .   T h e r e f o r e ,   u n d e r   e q u i l i b r i u m   c o n d i t i o n ,  
t h e  e l e c t r o n s  a n d  i o n s  d i f f u s e  t o g e t h e r  w i t h  a common d i f f u s i o n  
c o e f f i c i e n t  g i v e n  b y ,  
Di Ke + De Ki - 
Da - Ki + Ke 
where D and D r e p r e s e n t   t h e   d i f f u s i o n   c o e f f i c i e n t s  K and Ke t h e  
mobilities o f  I o n s  a n d  e l e c t r o n s ,  r e s p e c t i v e l y .  i e i 
I f  a t h e r m a l l y - e q u i l i b r a t e d  p l a s m a  c o n s i s t i n g  o n l y  of e l e c t r o n s  
a n d  p o s i t i v e  i o n s  i s  c o n t a i n e d  i n  a vessel, t h e  f a s t e r - m o v i n g  e l e c t r o n s  
t e n d  t o  d i f f u s e  o u t w a r d  t o  t h e  c o n t a i n e r  w a l l .  T h e   e x c e s s   p o s i t i v e  
c h a r g e   l e f t   b e h i n d   t h e n   r e t a r d s   t h e   e l e c t r o n s .  However, t h e   d i f f e r e n c e  
b e t w e e n  t h e  d i s t r i b u t i o n  o f  p o s i t i v e  i o n s  a n d  e l e c t r o n s  c a n  o n l y  b e  
m a i n t a i n e d  w i t h i n  a c e r t a i n  d i s t a n c e  i n  t h e  p l a s m a ,  w h i c h  i s  known as 
Debye s h i e l d i n g  d i s t a n c e ,  XDe. For a n  i o n  i n  a p l a s m a   t h i s  i s  given  by 
1 /2 
The f r e e  d i f f u s i o n  o f  e l e c t r o n s  a n d  i o n s  c a n  o n l y  b e  m a i n t a i n e d  i n  a 
vessel of  dimensions less t h a n  h However, i f  t h e  d i m e n s i o n  o f  t h e  
D e  * 
54 
vessel i s  l a r g e r   t h a n  t h e   d i f f u s i o n   o f   i o n i z a t i o n  i s  ambipo la r .   I n  
a l a r g e  vessel t h e  d i f f u s l o n  o f  i o n i z a t i o n  i n  a r e g i o n  n e a r  t h e  w a l l  ( d i s -  
t ance  < X ) i s  f r e e ,   a n d   i n   r e g i o n s   d i s t a n t   f r o m   t h e   w a l l   ( d i s t a n c e  >> X ) 
i t  i s  amblpolar.   Table  15 shows t h e  Debye l e n g t h   f o r   t h e   p l a s m a   o f   d i f -  
f e r e n t  e l e c t r o n  d e n s i t i e s .  
b e  
D e   D e  
TABLE 15 
DEBYE LENGTH vs .  ELECTRON  DENSITY 
n ( e )   e l e c t r o n s / c m  3 
1 
10 
l o 2  
lo3  
lo4  
1 2 1  
38.2 
1 2 . 1  
3.82 
1 .21  
It i s  a p p a r e n t  f r o m  t h e  a b o v e  t a b l e  t h a t  n e a r  t h e  wall  of t h e  vessel 
t h e  d i s t r i b u t i o n  o f  i o n s  and e l e c t r o n s  may b e  c o n s i d e r a b l y  d i f f e r e n t  
f rom  tha t   ca l cu la t ed   f rom  the   ambipo la r   d i f fus ion   equ i l ib r ium.  How- 
eve r ,  t he  a s sumpt ion  of a m b i p o l a r  d i f f u s i o n  i n  t h e  c e n t r a l  r e g i o n  o f  
a s i m u l a t i o n  chambe 5 of  abou5 100 c m  d iameter  i s  v a l i d  o n l y  down t o  
i o n   d e n s i t i e s  of  10  ions/cm . The a m b i p o l a r   d i f f u s i o n   c o e f f i c i e n t   o f  
about 150 cm2 sec-' may be  assumed for  the  a tmospher ic  ions  in  a tmos-  
p h e r i c   g a s e s .   R e p r e s e n t a t i v e   v a l u e s   o f   t h e   d i f f u s i o n   c o e f f i c i e n t  are 
l i s t e d  i n  T a b l e  1 6 .  
TABLE 1 6  
DIFFUSION  COEFFICIENT AT 1 TORR AND 273'K 
F r e e  D i f f u s i o n  E l e c t r o n  5 x 10 c m  sec 4 2 -1 
P o s i t i v e   i o n s  50 cm sec 





Recombination. The  recombination  of  a  positive  ion  with  an elec- 
tron can proceed  by  the  following  mechanisms: 
(i) Radiative Recombination 
A + e - A + h v  + 
(ii) Dielectronic Recombination 
+ A + e -, A" -> A' + hv 
(iii) Dissociative Recomblnation 
AB + e - t A ' + B '  + 
(iv) Three  body  recombination 
A + + ~ + M + A + M '  
The  mechanism (iv)  is significant  only  at  high  pressures  and,  therefore, 
can  be  neglected in ionospheric  simulation  studies.  Dissociative recom- 
bination (iii)  is only  possible  for  polyatomic  ions. In general,  the 
rate  coefficient of the  dissociative  recombination  is  several  orders 
of  magnitude  higher  than  the  first  mechanisms (i) and (ii). Therefore, 
in  the  case of molecular  ions,  the  recombination  is  controlled  by dis-
sociative  recombination. The mechanisms (i) and (ii)  are  mainly respon- 
sible  for  the  recombination  of  atomic  ions. .The recombination  coefficients 
of  some  ions of interest  are  given  in  Table 17 [421. 
TAB1.E 17 
RECOMBINATION OF POSITIVE  IONS 
Ions  Mechanism  Rat   Coefficient (cm  /sec) 3 -
O+ Radiative  Recombination 3-2 X 10 





Dissociative  Recombination (2.8 k 0.5) x 
Dissociative  Recombination (1.7  1) x 
NO+ Dissociative  Re omb nation 3.2 x 
56 
Calcula t ions .  The d i s t r i b u t i o n  o f  i o n i z a t i o n  i n  a n  i o n o s p h e r i c  
s imula to r  o f  cy l ind r i ca l  symmetry can be calculated from Equations (8) 
and (10).  The expressions within brackets  depend on the  geometry  of 
t he  cy l inde r  and the  d i s t ance  r a t  which  the  ion  dens i ty  i s  required.  
We assume tha t  t he  r ad ius  o f  t he  ves se l  i s  50 c m  and t h a t  of the  ion iz ing  
beam i s  1 cm. The d i s t r i b u t i o n  of i o n i z a t i o n  i s  c a l c u l a t e d  f o r  ambi- 
po la r  d i f fus ion .  From Table   16  the  ambipolar   dif fusion  coeff ic ient  is 
given by 
1.5 x 10 5 
D =  
aP P 
where p i s  the  pressure  in  microns .  From Table 1 2 ,  the  r a t e  of  photo- 
i o n i z a t i o n  as a funct ion of  the pressure p (microns) i s  given by 




, E =  l o 6  p2 
ap 1.5 x 10 5 
The c a l c u l a t e d  d i s t r i b u t i o n  of i o n i z a t i o n  w i t h  d i s t a n c e  from the  axis 
of  the  cy l inder  i s  g iven  in  Table  18. 
TABLE 18 
CONCENTRATION  OF  IONS vs .  PRESSURE AND RADIAL DISTANCE 
Concentration of Ions 
Pressure I J: * JC 9C n n n 9p 0 1 25 n40  n49 Microns D 
a P  
1000 6.65 x l o6  1.46 x l o 7  1.30 x l o 7  2.3 x lo6  7.3 x lo5 6.6 x 10 4 
2 100 6.65 x lo4 1.46 x lo5 1.30 x lo5  2.3 x lo4 7.3 x lo3 6.6 x 10 
10  6.65 x 10' 1.46 x lo3 1.30 x lo3 2.3 7.3 x 10-1 6.6 x 
9; 
The subsc r ip t  deno tes  the  r ad ia l  d i s t ance  f rom the  ax i s  of t h e  c y l i n d r i c a l  
chamber. 
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It can be concluded from Table  18 t h a t  i o n  c o n c e n t r a t i o n s  c o m p a r a b l e  
t o  t h e  maximum i o n o s p h e r i c  c o n c e n t r a t i o n  c a n  b e  o b t a i n e d  a t  a p r e s s u r e  of 
ab0 t 100  by  phot The  Debye l e n g t h  a t  t h e s e   c o n c e n t r a t i o n s  
(10' - 10  ions/cm (< 4 c m ,  Table   15)   than   the   d im nsion  t f  
of   the vessel. T h e r e f o r e ,   t h e   p r i n c i p a l  mode of d i f f u s i o n  i s  ambipolar 
d i f f u s i o n .  
I n  o r d e r  t o  e s t i m a t e  t h e  e f f e c t  o f  r ecombina t ion  on  the  d i f fus ive  
d i s t r i b u t i o n  of  i o n s ,  w e  now compare  the ra te  of i o n i z a t i o n  w i t h  t h e  
r a t e  of d i s s o c i a t i v e   r e c o m b i n a t i o n .  We a l s o  compare   the   equi l ibr ium  con-  
c e n t r a t i o n  o f  i o n s  when d i s s o c i a t i v e  r e c o m b i n a t i o n  i s  the predominant  
mode of l o s s  o f  i o n s  w i t h  t h a t  when t h e  d i f f u s i o n  i s  the  p redominan t  l o s s  
process  o f  t h e   i o n i z a t i o n .  The c a l c u l a t e d   v a l u e s  f t h e   r a t e   o f   i o n i z a -  
t i o n  q ,  t h e  r a t e  o f  d i s s o c i a t i v e  r e c o m b i n a t i o n  U n , and  the  equ i l ib r ium 
concen t r a t ion  o f  i ons  unde r  d i s soc ia t ive  r ecombina t ion  n 
g i v e n   i n   T a b l e  1 9 .  The d i s s o c i a t i v e   r e c o m b i n a t i o n   c o e f -  
f i c i e n t  i s  assumed t o  b e  e q u a l  t o  1 . 7  x 10- 7 3  c m  /sec (See Table 1 7 ) .  
? 
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TABLE 19 
2 Debye l e n g t h  Debye l e n g t h  
Pressure  q p  3 a n  
n 
Micron  ions / c m  i o n s  / c m  J q l a   a x i s ,  c m  wall ,  cm 3 
eq a t  t h e  a t  t h e  
1000 l o 9  5.9 x 10  .  x 10  0.03  0.48 7 
100 lo8  5.9 x 10  0.31  4.85 3 1.86 x 10 7 
10 10 5.9 x 10-1 5.9 x 10 3.12  48.5 6 
The comparison  of n (Table   19)   with n (Table 18) shows t h a t   e v e n   u p   t o  
a pressure  of  1 tor:: t he  d i f fus ive  equ l l ib r ium p redomina te s  unde r  s t eady-  
s ta te  c o n d i t i o n s .  The loss o f  i o n i z a t i o n   b y   d i s s o c i a t i v e   r e c o m b i n a t i o n  
i s  always less  t h a n  t h a t  b y  d i f f u s i o n .  D i f f u s i o n  is  ambipolar a t  p r e s -  
s u r e s  h i g h e r  t h a n  l o p  a n d  f r e e  a t  lower  p re s su res .  
0 
From t h e  p r e v i o u s  d i s c u s s i o n  i t  i s  a p p a r e n t  t h a t  t h e  i o n o s p h e r i c  
c h a r g e d  p a r t i c l e  d e n s i t y  ( F i g u r e  2) c a n  b e  s i m u l a t e d  b y  p h o t o i o n i z a t i o n  
over a c y l i n d r i c a l  volume of approximately 50 c m  d iameter  a t  an ambient  
p r e s s u r e  of a b o u t   l o o p ,   c o r r e s p o n d i n g   t o   a n   a l t i t u d e  of 80 krn. A t  h i g h e r  
p re s su res  ( lower  a l t i t ude ) ,  t he  cha rge  dens i ty  p roduced  by  pho to ion iza -  
t i o n  i s  t o o  h i g h ,  a t  h i g h e r  a l t i t u d e s  i t  i s  too  low. 
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For  the  s imula t ion  o f  cha rged  pa r t i c l e  dens i t i e s . a t  h ighe r  a l t i t udes ,  
i t  becomes necessa ry  to  employ e i t h e r  a n  e l e c t r o n  beam to  ion ize  the  gas  
i n  t h e  chamber d i r e c t l y  o r  t o  employ an external plasma gun. I n  e i t h e r  
case ,  i on iza t ion  can  no longer  be obtained under  condi t ions of  thermal  
equi l ibr ium 
Plasma gun s imula tor .  Whereas a good approximation  to   the  appropriate  
thermal  equi l ibr ium condi t ions of  charged species  ( ions and electrons)  can 
be achieved by photoionization in simulating the lower D r e g i o n ,  t h i s  i s  
not  poss ib le  in  the  E reg ion  where the ambient  neutral  densi ty  i s  much 
lower .  Here ,  d i f fus ion  to  the  walls of a s imula t ion  chamber  would be so 
rap id  tha t  ion  product ion  by photo ioniza t ion  becomes imprac t ica l .  A com- 
promise solution has to be adopted which involves the production of a 
space-char e n e u t r a l  p lasma.  A s  an  example, e l e c t r o n  d e n s i t i e s  as h igh  
as  l o 6  cmm5 have been achieved by R. B.  Cairns  [ 4 6 ]  of the  GCA Technology 
D i v ' s i o n  s t  f f .  Cairns  employed a mercury plasma over   the  pressure  range 
IO-' t o  lo-' t o r r  t o  e s t a b l i s h  t h e  e l e c t r o n  c o l l i s i o n  f r e q u e n c y  f o r  t h e s e  
dens i t ies  bu t  wi th  no a t t e m p t  t o  r e l a t e  t h e  d a t a  t o  t h e  n e u t r a l  o r  i o n i c  
species   involved.  One disadvantage  noted  in  employment  of t h i s   t echn ique  
was t h a t  a h igher  e lec t ron  tempera ture  than  des i rab le  was encountered, 
b u t  t h i s  f e a t u r e  was deemed unavoidable .   In   br ief ,   the   main  purpose  of  
th i s  s imula t ion  exper iment  was t o  t e s t  probe theory in  the intermediate  
region between col l is ion-free and co l l i s ion -con t ro l l ed  e l ec t ron  mot ion  
under conditions which correspond to the terrestrial D r eg ion  of the iono-  
sphere.   In  a dynamic system, i t  is  p o s s i b l e   t o   a c h i e v e , t h e   p e r t i n e n t  
charged species number dens i t i e s  w i th  a plasma gun  of spec ia l  des ign  [31] .  
Such spec ie s  a re  ex t r ac t ed  from the  plasma and a c c e l e r a t e d  t o  some des i r ed  
v e l o c i t y  ( i . e . ,  t h a t  a p p r o p r i a t e  t o  a n  o r b i t a l  v e h i c l e ) ,  and are then  
space-charge neutral ized by e l ec t rons  supp l i ed  from a n  a u x i l i a r y  h o t  f i l a -  
ment. This  technique has  recent ly  been explored by the GCA Technology 
Division under a NASA-sponsored program designed to  s imulate  the ambient  
conditions encountered by an Earth-bound sa t e l l i t e .  
Only the  energy  of  the  pos i t ive  ions  can  be  cont ro l led  cor rec t ly .  
The e l ec t rons  in t roduced  to  space -cha rge  neu t r a l i ze  the  beam do not obey 
a Maxwell ian energy dis t r ibut ion and thus  canno t  be  used  d i r ec t ly  to  
c a l i b r a t e  Langmuir probes and other instruments for the measurement of 
e l e c t r o n  d e n s i t y  and  energy. The r e s u l t s  of t h i s  i n v e s t j g a t i o n  are 
desc r ibed   i n   r e f e rence  [ l J .  I n  sumary ,  GCA designed  and  constructed 
a s imula t ion  chamber and mass spec t romete r  t o  t e s t  a plasma gun b u i l t  
by Physics Technology Laboratories.  The gun w a s  designed to  produce 
an  ion beam of var iab le  d iameter  (1 t o  15 cm) var iab le  energy  (1 t o  
10 eV) w i th  a c u r r e n t  d e n s i t y  of 2 x A/cm '2 , for   molecular   -and 
atomic ions of the atmospheric gases.  
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Although the development of the plasma source is  not yet complete,  
it was poss ib l e  to  show tha t  ene rg ie s  o f  t he  o rde r  of 10 e V  can be ob- 
tained.  Furthermore,  it is  poss ib l e   t o   ach ieve   excep t iona l ly   h igh  ra tes  
of d i s s o c i a t i o n  of molecular  ' ions  (30 percent  N+ ions from molecular 
n i t rogen) .  Anyone a c q u a i n t e d   w i t h   t h e   d i f f i c u l t i e s  of  producing low 
energy plasma beams w i l l  app rec i a t e  t he  s ign i f i cance  o f  t hese  r e su l t s .  
Solar  Ultraviolet  Spectrum 
The l a t e s t  t echn iques  conce rn ing  the  s imula t ion  of the important  
s o l a r  u l t r a v i o l e t  e m i s s i o n  l i n e s  w i t h  v a r i o u s  l i g h t  s o u r c e s  have  been 
ex tens ive ly   eva lua ted .   In   add i t ion ,  several of t h e  s t a f f  members a t  
the GCA Corporat ion who have  ac t ive ly  engaged  in  the  research  of  vacuum 
u l t r av io l e t  spec t roscopy  were repea ted ly   consul ted .  The consensus  of 
opinion of  these s tudies  i s  presented below. 
The most app l i cab le  method f o r  s i m u l a t i n g  t h e  s o l a r  u l t r a v i o l e t  
l i n e s  a t  t h e  r e q u i r e d  i n t e n s i t i e s  i s  p re sen ted   i n   Tab le  20. Under these  
experimental  condi t ions the dc hot  f i lament  disc 'harge lamp appea r s  t o  
be  the most appropr i a t e  l i gh t  sou rce .  The Lyman Q (1215.71) l i n e  which 
i s  very important  in  the formation of  the D region can be  produced i n  
the  labora tory  monochromat ica l ly  wi th  suf f ic ien t ly  h igh  in tens i t ies .  
This can be achieved by using a 40 t o  60 percent mixture of hydrogen 
and he1 ium and a LiF window. 
The s imula t ion  of a l l  o t h e r  s o l a r  u l t r a v i o l e t  l i n e s ,  however, w i l l  
n e c e s s i t a t e  d i f f e r e n t i a l  pumping s ince  these  wave leng ths  l i e  below the 
t ransmiss ion   cu tof f   o f   l i th ium  f luor ide .  It' is expected  that   the   s imula-  
t i o n  of  the  304g He11 l i n e  w i l l  be d i f f icu l t .  This  l ine  can  be  produced  
only  under  ideal  conditions  with a spark  discharge lamp. Since more 
than 90 percent  of t h i s  l i n e  i s  absorbed  by  the  atmosphere  above 140 Ian, 
it  may be wise t o  a v o i d  t h i s  l i n e  c o m p l e t e l y .  
The design and performance details  of t he  va r ious  l i gh t  sou rces  are 
con ta ined  in  the  d i scuss ion  of the conceptual  design of  the s imulat ion 
f a c i l i t y .  
Solar  X-ray Spectrum 
Simulat ion parameters. Since 1949, the  measurement  of  X-ray  emis- 
s ion  from the sun has been studied by Friedman and colleagues a t  NRL 
[471. Bri t i sh  .and  Sovie t  observa t ions  have  a l so  been  made [48, 49, 501. 
These measurements have provided X-ray data distributed over almost a 
f u l l  s o l a r  c y c l e ,  p a r t i c u l a r l y  i n  t h e  2 t o  8, 8 t o  20, 44 t o  608, and 
44 t o  1002 bands  of t h e  X-ray  spectrum. Earlier NRL and  Soviet  observa- 
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TABLE 20 
SIMULATION  OF  SOLAR ULTRAVIOLET AND X-RAY FLUX 
FOR  THE D AND E  REGION 
Ionosphere  Solar  Flux Laboratory  Normal  Method  fRadiation  Simulation  Simulation Other Region  (photons/sec) (photons/sec) Lamp  Gas Instrumentation 
1215.58, D 3.1 x 10 10l6 dc H2 and  None 11 
Lyman a filament  He 
discharge 
1025.78, E 3 . 1  x 10 dc H2 Differential - 10 9 10 
Lyman B filament  Pumping 
discharge 
dc co2,  Differential
discharge of 02 
977. 08, E 2.5 x 10 
c I11 filament  tracePu ping 
9 1 O1O 
937. 88, E 3.1 x 10 1 o8 dc H2 Differential 
Lyman E filament  Pump i ng 
8 
discharge 
800-910g, E 1.2 x 10 - Cannot  be  simulat d.
Lyman (integrated) 
Continuum 
584.58, E 1.6 x 10 dc He Differential - 10 




303.88, E 3.8 x 10 
He I1 voltage  Pumping 
9 7 - 10 High He Differential 
spark 
discharge 
TABLE 20 (Continued) 
Ionosphere  Solar Flux Laboratory Normal Method of 
(photons/sec) Lamp Gas 
Radiation  Simulation  Simulation Other Region  (photons/sec) Instrumentation 
10-1008 E 2 x 10 1 oI5 Soft 8 
X-ray (integrated) X -ray 
generator 
Below D Only observed  during  the disturbed sun. 
1051. 
t i o n s  were made mainly with ion chambers,  Geiger counters,  and photon 
counters .  A l l  of these  provided  narrow  band  integrated  intensi t ies  
over  the respect ive bandwidths .  A few were carr ied out  with thermo- 
luminescent  phosphors. The U.K. sa te l l i te  Ariel advanced t h e   s t a t e - o f -  
t h e - a r t  by the  in t roduct ion  of  the  nondispers ive  propor t iona l  counter  
spectrometer  [51].   This  instrument  determines  the  shape  of  the  spectrum, 
but  it cannot   d i s t inguish   l ine   emiss ion .  A f u r t h e r  advance was r e c e n t l y  
achieved by NEU with   d i spers ive   spec t rum  ana lys i s .   Severa l   rev iew 
a r t i c l e s  on the various experiments conducted, comparisons of the detec- 
to rs  used ,  and analyses  of t he  da t a  have  been  published  [21, 47 ,  52, 531. 
The problem  of t h e  r e l a t i v e  r o l e s  p l a y e d  by t h e  s o l a r  X-rays  (40 t o  
100%)  and u l t r a v i o l e t  r a d i a t i o n  (912 t o  10301) in  the  format ion  of the  
E region  has  y e t  t o  be  resolved  [13,  14,  54,  551. A conserva t ive  ap -  
p roach ,  c lear ly ,  would b e  t o  c o n s i d e r  b o t h  p o s s i b i l i t i e s . a n d  e v e n  t o  
extend  the  simulated  X-ray  spectrum  to  101. However, t h e  i n i t i a l  i n v e s -  
t i g a t i o n  of t h i s  s p e c i f i c  problem fo r  t he  p re sen t  con t r ac t  suppor t s  t he  
X-ray  hypothesis [ 151.  Accordingly,  for optimum design only-40 to  1001  
need  be  simulated  for  the  normal E region.   For   normal   solar   condi t ions 
i n  t h e  D region,  hard  X-rays (1 t o  108) need  not  be  considered.  Radiation 
a t  these wavelengths  penetrates  to  the D region only during enhanced 
s o l a r  a c t i v i t y  [ 5 , 6 1 .  On t h i s  b a s i s  and a l so   because   qu ie t   so la r   con-  
d i t i o n s  w i l l  p e r s i s . t  fo r  s eve ra l  yea r s  s imula t ion  of t h e  s o l a r  X-ray 
flux r educes  to  a re la t ive ly  rout ine  task .  Should  cons idera t ion  of  
extreme solar  condi t ions become necessary,  s imulat ion can be achieved 
w i t h o u t  d i f f i c u l t y  b u t  would r e q u i r e  more e l abora t e  and costly equipment. 
The r anges  in  the  ope ra t ing  spec i f i ca t ions  o f  t he  X-ray source proposed 
fo r  t he  p re sen t  app l i ca t ion  p e r m i t  t he  ex tens ion  of t h e  s o f t  X-ray spec- 
trum t o  log. For  the  inclusion  of  hard X-rays (< log) , two approaches 
can  be  considered: a hard X-ray gene ra to r ,  spec i f i ca l ly  des igned  and 
mounted within the chamber;  a l ternat ively,  an industr ia l  commercial  
X-ray t u b e  i n s t a l l e d  e x t e r n a l l y  t o  one  of t he  chamber po r t s .  The photon 
f l u x  i n t e n s i t i e s  of commercially available tubes are compatible with 
the  s imulat ion  requirements .   Since a g r e a t  v a r i e t y  of  commercial  sup- 
port  equipment i s  a v a i l a b l e  f o r  i n d u s t r i a l  X-ray tubes ,  the  l a t t e r  i n -  
s t a l l a t i o n  a p p e a r s  t o  be more economica l  and  re l iab le ,  par t icu lar ly  
s i n c e  i t s  opera t ion  w i l l  be independent of the  pressure  in  the  s imula-  
t ion  chamber. 
The f i n e  s t r u c t u r e  of t h e  s o l a r  s o f t  X-ray spectrum has not been 
determined to-date ,  a l though progress  in  instrumentat ion has  made such 
a measurement feasible   for   future   probe  missions  [51,56] .   Accordingly,  
the  most p rac t i ca l  approach  to  s imula t ion  is  the product ion of  an 
i n t e g r a t e d  i n t e n s i t y  e q u a l  t o  t h e  known i n t e g r a t e d  s o l a r  i n t e n s i t y .  I n  
consequence, an expensive X-ray vacuum spectrograph,  as has been des- 
cr ibed by Kirkpatr ick [57] .  for  the wavelength range from 58 to  1208 i s  
not  needed t o  s i m u l a t e  t h e  s p e c t r a l  d i s t r i b u t i o n .  
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The upper pressure l i m i t  of  operat ion of  a s o f t  X-ray source 
probably  should  not  exceed  torr .   Because  of  the  interaction’of 
X-rays wi th  the  gas  in  the  chamber (see Figures  2 1  and 22 f o r  t h e  
abso rp t ion  c ros s  sec t ion  of a i r  for  X-rays) ,  a glow discharge can 
readi ly   occur  a t  t h e  p o t e n t i a l  a p p l i e d  t o  t h e  X-ray source.  The 
lowes t  r ep resen ta t tve  a l t i t ude  fo r  so f t  X-ray s imula t ion  thus  l ies  
between 100 and  105 km. 
Laboratory  production  of  X-rays.  X-rays are usua l ly  produced i n  
the  labora tory  when the  atoms of an element, mostly metallic, are bom- 
barded with high energy electrons.  The material bombarded i s  termed 
the  anode,   or   target .   In  modern p r a c t i c e ,  X-rays are g e n e r a t e d  i n  a 
Coolidge  - type  tube  vacuated  to a t  l e a s t   o r r ,   i n  which t h e   e l e c -  
t rons  are emit ted by a heated  tungsten  f i lament ,   the   cathode.  The 
thermionic  e lectrons are acce le ra t ed  by a h i g h  p o t e n t i a l  d i f f e r e n c e  
between  anode  and  cathode. When an  e l ec t ron  wi th  su f f i c i en t  ene rgy  
s t r i k e s  t h e  t a r g e t ,  i t  ejects an  inne r - she l l  e l ec t ron  from  one  of t he  
t a r g e t  atoms. The r e s u l t i n g  v a c a n c y  i n  t h e  s h e l l  is  immedia te ly   f i l l ed  
by a n  e l e c t r o n  from an outer shell  with the emission of an X-ray quantum 
of energy, hv,  equa l  t o  the  decrease  in  poten t ia l  energy  exper ienced  
by the   e lec t ron .  When t h i s  o c c u r s ,  a l i ne   spec t rum,   cha rac t e r i s t i c  of 
the  element, is  produced. I n  a d d i t i o n   t o   t h e   l i n e   s p e c t r u m ,  a con t in -  
uous  background  spectrum  (Bremsstrahlung) arises due to  the  sudden  
dece le ra t ion  of t h o s e  e l e c t r o n s  s t r i k i n g  t h e  anode which do not e j e c t  
bound e l ec t rons .  The X-rays  thus  produced are rad ia ted  through a 
s u i t a b l e  window, which, i n  t h e  most usua l  case, is  the  g lass  envelope  
of t h e  t u b e ,  b u t ,  i n  s p e c i a l  cases may be a l i g h t - m e t a l  f o i l  o r  t h i n -  
p las t ic  sheet  t ransparent  over  the desired wavelength region of the 
X-rays. 
X-ray tubes  wi th  soph i s t i ca t ed  mod i f i ca t ions  of the Coolidge-type 
a re   ava i l ab le  from i n d u s t r i a l  and  commercial  sources.  Nearly a l l  o f f -  
the-she l f  tubes  have  opera t ing  vol tages  in  excess  of 15 kV corresponding 
to  the  hard  to  very-hard  X-ray reg ions  (< 12). One such  tube ,  ava i lab le  
from Machlet t  Laborator ies  [ 581  uses  a bery l l ium window wi th  a peak 
operat ing vol tage of 40 kV (0 .38 m a x . )  and a p l a t e  c u r r e n t  of  50 mA. 
Although the X-ray cutoff of this tube extends t o  longer wavelengths 
than   tubes   wi th   g lass  windows, i t  occurs a t  88. This  is  much s h o r t e r  
than the spectrum desired which extends to almost 1002. Leading com- 
mercial  and industr ia l  manufacturers  were consul ted  regard ing  the  
a v a i l a b i l i t y  of  X-ray tubes  ope ra t ing  in  the  10  to  100s  r eg ion .  Whereas, 
in  theory ,  a s o f t  X-ray tube i s  s i m p l e  enough t o  c o n s t r u c t  f o r  most 
s p e c i f i c a t i o n s ,  none are apparent ly  avai lable  commercial ly ,  pr imari ly  
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Figure 21. Total  absorption  cross  section of air at X-ray  wavelengths.[22] 
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F i g u r e  22. Absorption cross-section of air (1-108).[47] 
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considered,   for   example,   devices   generat ing  f lash  discharges 601 and 
monochromatic i so top ic   r ad ia t ion   sou rces .  However, i t  was dec ided   t ha t  
an optimum combination of a l l  f a c t o r s ,  namely,  expense,  avai labi l i ty  
and performance could be met by a s o f t  X-ray generator designed specif-  
i c a l l y  f o r  t h e  s i m u l a t i o n  of  solar-X-rays  in  the  ionosphere.   This 
generator  can be  mounted wi th in  the  s imula t ion  chamber  and obv ia t e s  t he  
complexity of an e x t e r n a l  vacuum tube with appropriate  t ransmission 
f i l t e r s  f o r  t h e  d e s i r e d  s p e c t r u m .  
Atomic Oxygen 
Production  of  atomic  oxygen. Oxygen ex i s t s   l a rge ly   i n   a tomic  form 
in  the  ionosphere due t o  d i s s o c i a t i o n  by t h e  s o l a r  uv f lux .  A s  i n  t h e  
case of the  s imula t ion  of  charged  par t ic les ,  we must d i s t i n g u i s h  between 
methods of simulation depending on the  neu t r a l  dens i ty  of d i f f e r e n t  
regions of a l t i t u d e .  
Photodissoc ia t ion .  We f i r s t   c o n s i d e r   t h e   c o n d i t i o n s   r e q u i r e d   f o r  
simulation of the atomic oxygen concentration by photodissoc ia t ion .  
The fol lowing processes  are  operat ive under  equi l ibr ium condi t ions:  
(a )  Photodissoc ia t ion  - Radiat ion from a Xenon lamp i s  a s t r o n  
source of  photodissociat ion of oxygen. The photon flux is  about 10 1% 
photon/cm2/sec  at  14711. The absorp t ion   c ross   sec t ion   of  0 a t  14718 
i s  cm . Assuming the  idealized  geometry of Figure 23, t he  ra te  
of photodissoc ia t ion  i s  given by 
2 2 
q P  
= n(hv) k(v)  n(02) 
where  n(hv) = pho ton   f l ux   i n   t he  beam 
k(v) = abso rp t ion   c ros s   s ec t ion  
n(02) = concen t r a t ion  of  oxygen  molecules. 
Subs t i t u t ing  the  va lue  g iven  above w e  have the atomic oxygen product ion ra te ,  
qP 
= 2 x x 10 x n(02) -1 7 
= 2 n(02) x 10 atoms/cm /sec -1 3 
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We c a l c u l a t e  2q for   the   fo l lowing   pressure   range:  
P 
Path length for  . reducing 
the  inc ident  photon  f lux  
by l / e  
Pressure  n(02) 
qP 
cm 
l o p  3 x 1014 mol/cm3 6 x atoms /cm sec 
loop 3 x 1015 mol/cm3 6 x 10  atoms/cm sec 







(b)  Diffusion - Assuming a d i f  u s i o n  c o e f f i c i e n t  of about 
2 5 0.356 c m  sec'l a t  NTP o r  D = 270 cm /sec a t  1 t o r r ,  w e  ob ta in  
Pressure  
l o p  
loop 
1oooy 
(c) Wall Recombination - 
D 
2.70 x 10 cm sec  
2.70 x 10 cm sec  
2.70 x 10 cm sec  
4 2  -1 
3 2  -1 
2 2  -1 
where y i s  the  recombina t ion  coef f ic ien t  , and 
c' i s  the average atomic veloci ty  
y for  Pyrex: 2 x c' for   a tomic oxygen a t  300 K: 6.24 x 10 cm/sec. 0 4 
dn(~) = 2 x x 6.24 x 10 n(0) /cm /set 4 2 
d t  4 
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" I  
B 
x = L ,  n(0) = nw(0) 
i l  




Beam D V n = -  
A 
2 L 
qP '4 0 1I I 
Figure 23. Idea l i zed   geomet ry   fo r   d i s t r ibu t ion   ca l cu la t ion  
(d) Volume Recombination - The dep le t ion  of  oxygen  atoms i n  t h e  
volume i s  due to  the  fo l lowing  processes :  
o + o + 0 2  - t o 2  + 0 2  
0 + o2 + o2 + o3 + o2 
o + 0 3 + o  2 + 0 2  
A t  room temperature 
kl = 4 x cc  /molecules  s c
2 2 
k2 = 4 x 10 cc  /molecules  sec 
k3 = 3 x cc/molecules sec 
-34 2 2 
where  kn i s  t h e  rate c o e f f i c i e n t  f o r  t h e  i n d i v i d u a l  r e a c t i o n .  
Neglect ing the volume r e a c t i o n s ,  t h e  d i s t r i b u t i o n  of the atomic 
oxygen i n  t h e  r e g i o n  o u t s i d e  t h e  beam i s  given by 
D V n  = O  2 
and i n   t h e  beam region by 
2 DT n = -2qp 
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Assuming tha t  t he  on ly  lo s s  o f  a tomic  oxygen is due t o  wall recom- 
b ina t ion ,  t he  ra te  of surface recombinat ion w i l l  b e  e q u a l  t o  t h e  rate 
of product ion;  accordingly,  w e  have 
where n (0) i s  concen t r a t ion  of oxygen  atoms a t  the  wal l .  
Assuming e = 1 cm 
W 
-2k x 10 atom/cm 3 nw(o) - 312 
Pressure  
l o p  
loop  
lO0Op 
nw (0) atoms /cm 
3 
1.9 x 10 
1.9 x 10 




The above condi t ion corresponds t o  about a 32 percent  d i ssoc ia t ion  of  
atomic  oxygen.  Under d i f f u s i v e  e q u i l i b r i u m  t h e  d i s t r i b u t i o n  of atoms 
w i l l  be given by 
n = nw(o) 2;  e (L - x) 
T h e r e f o r e ,  i n  t h e  c e n t r a l  r e g i o n  t h e  c o n c e n t r a t i o n  c a n  b e  o b t a i n e d  from 
2 q / D  and the geometry of the  vesse l .  2q /D a t  d i f f e r e n t  p r e s s u r e s  i s  given 
by 
Pressure 2 q/D nw ( 0 )  
2.22 x 10 
loop 2.22 x 10 




1.9 x 10 
1 .9  x 10 






Compared wi th  n (0),  the 2q/Dterm has no apprec iab le  e f fec t  and ,  there-  
f o r e ,  t h e  d i s t r l b u t i o n  of atomic oxygen under diffusive equilibrium and 
surface recombinat ion is  uniform throughout the vessel, and i s  given by 
w 
nw(W * 
After  pr imary dissociat ion the composi t ion i s  given by 
Pressure  (0) (02) 
l op  2 x 10 
loop 2 x 10 




2 x 10 
2 x 10 




We now c a l c u l a t e  t h e  e f f e c t  of volume recombination. 
The r a t e  of  t he  two processes  governed  by k and  k2 as a func t ion  
of pressure i s  given by 1 
Pressure  kl(0)  (02)
2 
k2 (0) (02) qP 
low 3.2 x 10 lo 3.2 x 10 
2 
9 
1 2  
15 
6 x 10 13 
loop  3.4 x 10 3.2 x 10 6 x lOI4 
lO0Op 3.2 x 10  3.2 x 10 6 x 10 15 
13 
Thus, a t  1OOOp the atomic oxygen w i l l  be  depleted by volume reac t ions  
but  a t  a pressure of  loop or  less volume r e a c t i o n s  w i l l  not have an 
apprec i ab le  e f f ec t .  
The s teady  s ta te  concentration of ozone a t  these  pressures  i s  given 
by k, n 
n(03) = - L 
k3 
(02) 
Pressure  n (03) 
lop  5 .  x 10  molecules/cm 8 3 
loop 5 x l o lo  molecules/cm 3 
lO0Op 5 x molecules/cm 3 
which i s  again negl igible  under  the above condi t ions.  
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(e)  Conclusions 
(1) The recombina t ion   ra te  a t  the  pyrex  surface i s  n e g l i g i b l e .  
compared wi th   the  ra te  of  production. The d i s t r i b u t i o n  i s  p r a c t i c a l l y  
uniform. 
(2)  The concentration  of  ozone i s  n e g l i g i b l e .  
(3) The main  process  for volume recombination is  
o + o + 0 2  + 0 2  + o ,  
k = 4 x cc  /molecules   sec 
2 2 
( 4 )  I f  t h e  volume  of t he   pho tod i s soc ia t ion   r eg ion   i n   t he  
ve.sse1 i s  v and t h e  t o t a l  volume i s  V then under  the fol lowing condi t ions 
the volume recombination ra te  i s  e q u a l  t o  rate of production: 
Pressure  v IV 
1 OP 2 x 10 
loop  2 x 10 
3 
1 
(5) An atomic  oxygen  concentration  of  about  10  atoms/cm 14 3 
can  be  obta ined  in  a pyrex vessel  a t  l op  p rov ided  the  r a t io  of t he  vo l -  
ume of the  vessel t o  t h e  volume of the  d i s soc ia t ion  r eg ion  i s  l e s s  t h a n  
1000. 
Thus,  the atomic oxygen concentrat ion can be s imulated real is t ical ly  
over  var ious port ions of  the D region.  
It tu rns  ou t  t ha t  t he  p re s su re  of  10 t o  loop is  too  h igh  fo r  ce r t a in  
s imulat ion requirements ,  as f o r  example, t h e  c a l i b r a t i o n  of mass spec t ro -  
meters for atomic oxygen. 
I n  t h i s  case, it may be  poss ib l e  to  d i lu t e  t he  ambien t  dens i ty  by 
producing an outf low into an addi t ional  evacuated chamber  from t h e  v e s s e l  
containing the mixture  of atomic and molecular oxygen produced by photo- 
d i s soc ia t ion .  Th i s  can  be  ach ieved  r ead i ly  th rough  an  ape r tu re  in  a pyrex 
o r  t e f l o n  d i s c .  The r e s u l t i n g  beam i s  d i r ec t ed  in to  the  ion  source  of 
the  mass spec t romete r  t o  be c a l i b r a t e d .  The pumping speed i n  t h e  second 
chamber must be high enough to  r educe  the  dens i ty  of the background gas 
a t  least  an order of magnitude below the density of t he  ca l ib ra t ing  mix tu re .  
7 2  
Atomic beam system. Rather '  than by photodissociation, a beam con- 
ta in ing  about  20 percent atomic oxygen can also be produced by microwave 
discharge.  A part ic le  f lux  of  3 x 10 /cm /sec has  been  produced  over  an 
a rea  of 2 cm2 i n  a s y s t e m  b u i l t  by GCA f o r  t h e  Goddard Space F l igh t  Cen te r  
which i s  desc r ibed  in  GCA Final  Report ,  Contract  No. NAS5-3251, September 
1964 (Figure  24).  
14 2 
This system is considerably more complex than the proposed photo- 
d i s s o c i a t i o n  chamber,  but i t  f ac i l i t a t e s  t he  s imula t ion  o f  a tomic  oxygen 
under  condi t ions which apply to  higher  a l t i tudes.  The r e l evan t  r e fe rences  
t o   t h i s  method of atomic oxygen production are g i v e n  i n  t h e  above mentioned 
GCA r e p o r t .  
Photo ioniza t ion  of atomic  oxygen. The pho to ion iza t ion   c ros s   s ec t ion  
of  atomic oxygen has been computed by Bates and Seaton [61] , Dalgarno 
and Parkinson [62 1 and most r e c e n t l y  by Dalgarno, e t  a l .  [63 1 who l i s t e d  
c r o s s  s e c t i o n s  a p p r o p r i a t e  t o  some impor tan t  so la r  l ines  wi th  wavelengths  
less than  900g. Recent ly   th i s   l abora tory   [64]   has   p roduced   the   f i r s t  
measurements  of  the t o t a l  a b s o r  t i o n  c r o s s  s e c t i o n  of atomic oxygen within 
the wavelength range 910 t o  504 ! . The var ious  c ross  sec t ions  are l i s t e d  
in  Table  2 1 .  
Conclusions 
A survey of e x i s t i n g  methods of simulating the various parameters 
of i n t e r e s t  h a s  shown that  s imultaneous s imulat ion i s  p o s s i b l e  f o r  s e v e r a l  
r e s t r i c t e d  a l t i t u d e  r a n g e s  of t he  D and E regions.  
The l i t e r a t u r e  s u r v e y  was supplemented by various experimental and 
t h e o r e t i c a l  s t u d i e s  which  have great ly  extended the scope and f e a s i b i l i t y  
of simultaneous  ionospheric  simulation. 
(1) Simulat ion  of   the  a tmospheric   charged  par t ic le   densi ty   under  
s t a t i c ,  t h e r m a l l y  r e a l i s t i c  condi t ions can be achieved by photoionizat ion 
provided that  g uv i n t e n s i t y  level cons ide rab ly  g rea t e r  t han  the  co r -  
responding  so lar  in tens i ty  can  be  to le ra ted .  This  method of s imula t ion  
is r e s t r i c t e d  t o  t h e  lower D region.  
(2)  Simulation  of  atmospheric  charged  particle  density  under dynamic 
conditions can be performed with a low energy (- 10 eV) space-charge 
n e u t r a l  plasma d e v i c e .  I n  t h i s  case, s imultaneous  s imulat ion  with  the 
s o l a r  X-ray  and  uv  spectrum i s  poss ib le .  Ambient c o n d i t i o n s  f o r  t h i s  t y p e  
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Figure 24. Two-aperture system. 
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TABLE 21 
ABSORPTION  CROSS  ECTIONS OF ATOMIC OXIGEN, 
X = 504 to 9102 
" ~ " "" 
u(0) (cm2x10-18) x&) cr(o)(cm 2 x10 -18 ) 
- " - " - ~. - - - ~ _ _ _ _ -  ~ ~ 
508.434 A I11 725.542 A I1 16.7 
508.595 A I11 
735.89 Ne I 14.3 
551.371 A V I  ,13.2 
743.70 Ne I 7 . 6  
584.331 He I 11.9 
758.677 0 V 
585.754 A V I 1  12.3  759.440 0 V 
760.229 0 V 
624.617 0 I V  760.445 0 V 
625.130 0 I V  13.0  761.13  0 V 
625.852 0 I V  762.001 0 V 
13.3 
8.3 
636.818 A I11 
637.282 A I11 
683.278 A I V  
684.996 N 111 
685.513 N I11 
685.816 N I11 
686.335 N I11 
699.408 A I V  
700.277 A I V  
702.332 0 111 
702.822 0 111 
702.899 0 I11 
703.850 0 I11 
715.599 A V 
715.645 A V 
13.7 760.439 A I V  7.9 
774.522 0 V 7.6 
779.821 0 I V  
779.905 0 I V  




832.754 0 I1 
832.927 0 I11 
833.326 0 I1 5 . 3  
833.742 0 I11 
834.462 0 I1 
12.7 
13.0 850.602 A I V  5 . 0  
901.168 A I V  




(3) Simul . a t i o n  of t h e  s o l a r  X-ray and uv 
. .  
spectrum can be performed 
- independent ly  of  and s imultaneously with the s imulat ion of  a l l  o the r  
atmospheric parameters, provided a s imula t ion  chamber  of appropr ia te  
dimensions i s  chosen, which w i l l  probably not exceed 1 cubic  meter. 
(4)  A s  i n  t h e  case of  atmospheric  charged  particle  density,   simu- 
l a t i o n  of the atomic oxygen concentration can be performed under static 
or  dynamic c o n d i t i o n s .  I n  t h e  s t a t i c  case, s imula t ion  i s  r e s t r i c t e d  t o  
the D reg ion  and t h e  e f f e c t i v e  volume w i l l  b e  r e s t r i c t e d  t o  a few l i ters .  
Atomic oxygen w i l l  be produced by photodissociation in a concent ra t ion  
of about 30 percent .  
Al te rna t ive ly ,  the  a tomic  oxygen concent ra t ion  can  be  s imula ted  in  
a chamber  whose ambient   pressure  corresponds  to   the E region.   This  i s  
accomplished by means of a d i r e c t e d  beam of oxygen which contains 20 
percent  atomic  and 80 percent  molecular  oxygen.  Simulation of t h i s  
parameter cannot be readily combined with charged par t ic le  product ion,  
but  permits  s imultaneous s imulat ion of t h e  s o l a r  X-ray and uv spectrum. 
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IV. DETECTION OF RADIATION 
Necessary  prerequisites for the simulation of  the D and E region are 
the detection of radiation in the vacuum ultraviolet  and X-ray regions and 
the calibration of  rhe  detectors. Within the  past fifteen years, many new 
vacuum  ultraviolet  light sources have been developed. Concurrently, these 
advances  have stimulated the development of new photoelectric detection 
methods. Monochromatic detectors have not been developed; however, in some 
spectral regions, monochromatic detection can be approximated. Such narrow 
band  detectors when combined with selective thin-film filters, window materi- 
als, and  judicious  use  of grating monochromators have advanced the state-of- 
the-art. Progress has also been made in  the  field of absolute intensity 
measurements in  the vacuum  ultraviolet. Generally, the X-ray spectrum has 
been  extensively studied and many pertinent  properties are known. However, 
experimental methods for  the measurement of  the absolute intensity of the 
soft X-ray flux  perLinent to simulation techniques are practically  nonexistent. 
In the following sections, the various  types of detectors developed for' extreme 
ultraviolet and, where appropriate, soft X-ray regions, together with the 
latest  techniques  for  their calibration, will be discussed. 
Ultraviolet  Spectrum 
The detection of radiation below 20008 is discussed, in terms  of: (1) 
photoelectric effect, (2) photoionization of gases, and (3) fluorescence. 
Blackening of photographic  plates is also an appropriate consideration; 
however ?'.t will not be discussed further since it  is  the  least versatile 
of the  four. 
Photoelectric Effect.- The "surface"  photoelectric  effect is small com- 
pared  to  the volume  effect. The volume effect was unknown until the studies 
of Kenty,[65] in 1933, on several metals. Very  little quantitative data 
had been obtained until the work of Hinteregger, Watanabe and Weissler [66,67]  
who twenty years later measured the yield of a metal down to 5008. These 
authors obtained yields (electrons released per incident photon) of the order 
of 10 t o  15 percent. The lack of suitable light sources.and means for deter- 
mining the absolute number of incident  photons  prevented further work to 
shorter wavelengths. Brunet, et al. [ 681 have made measurements below 5008, 
but  their results are relative. Using rare-gas ion-chambersy present  studies 
at the GCA Corporation are measuring yields down to .2008 on  an absolute basis. 
.. . . 
The selectivity of  the  photoelectric effect is effective in discriminat- 
- .  
ing radiation above and below 1200g. Figure 25 shows a typical curve for 
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F i g u r e  25.  Absolute p h o t o e l e c t r i c   e f f i c i e n c y .  
of an aluminum cathode [69]. This curve i s  typical of many metals indicating 
that  these cathodes are particularly suitable for use between 200 and 12008 
and can discriminate against both the X-rays and longer  ultraviolet  and 
visible  light. The use  of more exotic  cathodes  such as thin laycrs  of  lithium 
fluoride  and strontium fluoride on the other hand  is  expected  to  give  higher 
yields  in the 100 to 2002 region. 
Photoionization of Gases.  Experiments on photoionization of gases have 
been conducted since the  turn of the  century. In an original experiment, 
Lenard [70] inferred that ultraviolet  light  from  air  ionized  by a spark was 
capable of discharging an electroscope. However, subsequent measurements of 
ion mobilitites indicated that  the ions,  particularly  those  produced in unfil- 
tered air, were relatively large  particles  or nuclei and  not molecular ions. 
In order to eliminate large particles, Hughes [71]  and others used carefully 
filtered air; nevertheless, they found  that  ultraviolet radiation trans- 
mitted by fluorite (transmission limit about 1240g) was capable of  producing 
ions  of molecular  size  but radiation transmitted  by quart'z was not  effective. 
Since the ionization potentials of the consticuents of air correspond to 
wavelengths  much  lower  than 12408, the observed  ions  could  not have been 
produced  by  direct photoionization, but  possibly  by a two step process,,  or 
by ionization of some impurities such  as mercury vapor, or by  accelerated 
photoelectrons. It is difficult to interpret  the results of  these  early 
experiments, since undispersed radiation was used  and  quantum yields were not 
measured. Hughes  and DuBridge [72] describe these experiments and explain 
"that  the state of our knowledge regarding the ionization of these gases is 
extremely  unsatisfactory". 
Several  early  investigators  studied the photoionization of the alkali 
vapors, taking advantage of the  fact  that  these  vapors can be ionized  in the 
region 2000 to 3200g where quartz optics  could be used. Experimental techni- 
ques, in particular, energy measurements, improved  in studies utilizing 
monochromatic radiation. Thus, many quantitative  data were obtained, par- 
ticularly  by Mohler and co-workers [73]  and  by Lawrence and Edlefsen, [74]. 
The study of photoionization cross section of alkali vapors has been reviewed 
and summarized by several writers [72,75,76]. 
Studies on the photoionization of  gases  almost  ceased after 1930. It 
was not until  1950  that  the  first  thermocouple measurement of dispersed 
vacuum ultraviolet radiation by  Packer  and Lock [77] and  its application 
to  the  absolute quantum yield of CaSO :Mn phosphor  by Watanabe [78] confirmed 
the feasibility of photoionization an8 photoelectric studies in the spectral 
region below 2000g with dispersed radiation obtained from a vacuum monochro- 
mator  developed  by Tousey, et  al. [79]. In 1953, Watanabe, Marmo and Inn, 
[ 8 0 ]  and Wainfan, Walker and Weissler [81] reported on photoionization measure- 
ments in the vacuum ultraviolet region. The former.group showed that accurate 
determination of the ionization potential  is  possible by utilizing monochro- 
matic light of 0.01 ev bandwidth, and ionization potentials for about 80 
molecules have been reported [82,82]. Later, Sakai, Little, and Watanabe 
[82] reduced  the bandwidth to 0.001 ev. 
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More  recently, GCA Corporation  has comp1e:ed  the measurement of  the 
yieids  of  some 20 molecules in a  study to  find suitable  gases  for  narrow 
band ionization  chambers. To produce  narrow  spectral  band  sensitivities it 
is necessary to select the appropriate  choice of window  material and  gas fill- 
ing. The  short  wavelength cut-off is determined  by the window  material  while 
:he long wavelength cut-off is determined  by the ionization  potential  of the 
Sas. Table 22 indicates  two  possible  narrow  band  ion  chambers  that  could  be 
used  for  the detection of Lyman a (1215.72) radiation. 
TABLE 22 
ION CHAMBERS AND MEASUREMENTS 
Chemical Window 
Formu la Material 
Spectral 
Response Gas Filling QE* 
(2) ( X )  
Carbon Disulfide cs2 LiF 1050- 1240 50- 60 
Nitric  Oxide NO LiF 1050- 1350 10-50 
-I- 
"Based on a  value  of 81 percent  for NO at Lyman  alpha (1215.7g) 
Fluorescence. The technique  for  extending the sensitivity  range  of 
standard  photomultipliers  down  to  the  soft X-ray region is to  coat the 
outer  glass envelope  with  a  material  which will fluoresce when illuminated by 
uv radiation.  Recently,  many  materials  have  been  studied [83]. Anthracene, 
stilbene,  sodium  salicylate,  oil,  coronene,  and  a  host  of  other  materials 
will  fluoresce.  However,  the  most  generally  useful  material is sodium 
salicylate  since it has  a  high  quantum  efficiency and  is  reported to have 
a  sensitivity  which  is  independent of wavelength [ 8 4 ] .  Recent  measurements 
at  the GCA Corporation  indicate  that  this may be true with  certain  reserva- 
tions  [85,86]. 
Absolute  Intensity  Measurements.  Certain  specific  parameters  require 
special  attention in any  study  concerned with the measurement  of  absolute 
photon  fluxes  greater  than  1002.  These  parameters  include  photon  efficiency, 
wavelength cut-off for  certain  interactions or phenomena,  flux  threshold 
requirements  and  amenability to wavelength resolutim. A discussion of 
these  parameters  follows. 
Photon  efficiency.  Some  indication  of  photon  efficiencies  has  already 
been  given  in  the  description of the  photoelectric  and  photoionization methods, 
however,  photon  efficiency is specifically  related to the  calibration of 
absolute  intensities. 
80 
U n t i l  r e c e n t l y  t h e  a b s o l u t e  i n t e n s i t y  o f  r a d i a t i o n  less than 10002 was 
measured  with a c a l i b r a t e d   t h e r m o p i l e   o r   s i m i l a r   h e a t   s e n s i t i v e   d e v i c e .  The 
p r o b l e m s  i n v o l v e d  i n  o b t a i n i n g  a c c u r a t e  r e s u l t s  w i t h  a thermopile  below  10008 
a r e  many a n d  t o  t h i s  d a t e  no a b s o l u t e  c a l i b r a t i o n s  h a v e  b e e n  made w i t h  them 
for   any   nar row  spec t ra l   reg ion   be low 5002. This  problem  however,   has  been 
a l l e v i a t e d  by the 'development of the rare gas ionizat ion chamber  method [85]. 
Al though  the  t echn ique  employed  he re  has  appea red  in  the  open  l i t e r a tu re  [85]  
and i s  a c c e p t e d  a s  a s t anda rd ,  fo r  comple t eness  a b r i e f  d e s q i p t i o n  o f  t h e  
system i s  presented  below. 
ions  formed/sec 
= photons absorbed/sec 
t h e r e f o r e ,  
I y =  i / e  
0 ( 1 - I / I  ) 
0 
For   t he   r a r e   gases  y = 1, hence,  I can  be  found. 
0 
The r a t i o  1/1 is measured  by  the  detector   which  must  l i e  e x a c t l y  a t  t h e  
end   o f   t he   i on   chagbe r .   Th i s   r a t io  is independen t   o f   abso lu t e   i n t ens i t i e s   and  
any  de tec tor  which  has  a l i n e a r  r e s p o n s e  w i t h  r e s p e c t  t o  i n t e n s i t y  may be used. 
T h i s  m e t h o d  r e q u i r e s  t h a t  a l l  t h e  i o n s  f o r m e d  f r o m  t h e  e x i t  s l i t  t o  t h e  d e t e c t o r  
b e   c o l l e c t e d  and. counted.  To a c h i e v e  t h i s ,  it i s  n e c e s s a r y   t o   c o n n e c t   t h e  ex i t  
s l i t  e l e c t r i c a l l y  t o  t h e  p o s i t i v e  r e p e l l e r  p l a t e .  The ion  chamber  would  then 
have a f i e l d  d i s t r i b u t i o n  a s  shown i n  F igure  26 and a l l  i o n s  formed wi th in  the  
ion  chamber   system  would  be  col lected.  The major  advantage of t h i s  s y s t e m  i s  
t h a t  no meas'xement of a n  a b s o r p t i o n  c o e f f i c i e n t  i s  made.which must obey Beer's 
law.   Actua l ly ,  I i s  i n d e p e n d e n t   o f   t h e   p r e s s u r e   u s e d   a n d   i n   t h e  l i m i t  when 
I/Io "f 0 0 
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F i g u r e  26. The s i n g l e   i o n   c h a m b e r .  I i s  t h e   f l u x   p a s s i n g   t h r o u g h   t h e  e x i t  
s l i t  of   the   monochromator   whi le  I i s  t h e  f l u x  a t  t h e  d e t e c t o r .  The 
d a s h e d   l i n e s   i n d i c a t e   t y p i c a l   e l e c t r i c   f i e l d   l i n e s .  
0 
This  i s  t h e  c o n d i t i o n  f o r  t o t a l  a b s o r  ? ion  o f  t he  r ad ia t ion  and  fo r  y = 1 
t h e  number o f  p h o t o n s / s e c  p a s s i n g  i n  f o the  ion  chamber  i s  j u s t   e q u a l   t o   t h e  
number of i ons   p roduced   w i th in   t he   i on   chamber .   Us ing   t he   r a r e   gases ,   abso lu t e  
i n t e n s i t i e s  c a n  b e  m e a s u r e d  f r o m  1 0 2 2 8  ( t h e  i o n i z a t i o n  p o t e n t i a l  o f  x e n o n )  
down i n t o  t h e  s o f t  X-ray  reg ion .  
Wavelength   cu tof f .  No sha rp   wave leng th   cu to f f  is  e x p e c t e d   f o r   f l u o r e s c e n t  
de t ec to r s ;  however ,  some d i s c r i m i n a t i o n  is  shown  by t h e  p h o t o e l e c t r i c  e f f e c t  
a n d   v e r y   s h a r p   o n s e t s   a r e   g i v e n  by t h e   p h o t o i o n i z a t i o n   o f   t h e   g a s .  
W a v e l e n g t h  d i s c r i m i n a t i o n  c a n  a l s o  b e  a c h i e v e d  t h r o u g h  t h e  u s e  of t h i n  
m e t a l l i c   f i l t e r s .   S e l f - s u p p o r t i n g   f i l m s   o f   t h i s   n a t u r e   a r e   n o t   v e r y   r u g g e d ;  
however, when u s e d  i n  c o n j u n c t i o n  w i t h  t h e  a p p r o p r i a t e  f l u o r e s c e n t  m a t e r i a l  
they  form a rugged  and s i m p l e  nar row  band   de tec tor .   F igure  27 shows  the 
t r a n s m i t t a n c e  o f  a t y p i c a l  GCA C o r p o r a t i o n  d e t e c t o r  u s i n g  a n  i n d i u m  f i l t e r  
which i s  a p p l i c a b l e   f o r   t h i s   p r o g r a m .  
Recen t ly ,  da t a  have  been  accumula t ing  on  the  t r ansmlss iv i ty  o f  t h in  
metal  f i l m s  i n   t he   spec t r a l   r eg ion   be low  15002   [87   t h ru   951 .   Such   i n fo rma t ion  
h a s  h a d  t h e  p r a c t i c a l  v a l u e  o f  p r o v i d i n g  f i l t e r s  i n  a region  where  none p r e -  
v i o u s l y   e x i s t e d .   F u r t h e r ,   t h e   a c c u m u l a t i o n  of t r a n s m i s s i o n   d a t a  i s  o f   va lue  
t o  t h e  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  m e t a l s .  
The e n e r g y  r a n g e  o f  e x t r e m e  u l t r a v i o l e t  r a d i a t i o n  l i e s  approx ima te ly  
between 6 and 60 e v .   T h e s e   e n e r g i e s   a r e   c o m p a r a b l e   w i t h   t h e   c h a r a c t e r i s t i c  
e n e r g y  l o s s e s  e x p e r i e n c e d  by f a s t  e l e c t r o n s  i n  p a s s i n g  t h r o u g h  t h i n  m e t a l  
f i l m s .  Some o f   t h e s e   e n e r g y   l o s s e s   c a n   b e   e x p l a i n e d   b y   t h e   c o l l e c t i v e   n a t u r e  
o f   t h e   f r e e   e l e c t r o n s   i n   t h e   m e t a l  f i l m s .  The t h e o r y   o f   t h e   c o l l e c t i v e   f r e e  
e l ec t ron   mode l ,   a s   deve loped  by Bohm a n d   P i n e s   [ 9 6 ] ,   p r e d i c t s  a c o l l e c t i v e  
o s c i l l a t i o n  o f  t h e  f r e e  e l e c t r o n s  a t  a f requency  given  by 
where v i s  the  plasma  f requency,  n t h e   d e n s i t y   o f   t h e   v a l e n c e   e l e c t r o n s ,  m 
t h e   e l e g t r o n  mass, and e t h e   e l e c t r o n i c   c h a r g e .  The f a s t   e l e c t r o n s ,   a s   t h e y  
p e n e t r a t e   t h e   m s t a l ,   l o s e   a n   a m o u n t   o f   e n e r g y   e q u a l   t o   h v   i n   e x c i t i n g   t h i s  
r e s o n a n c e   o s c i l l a t i o n .   T h i s  model a l s o   v i e w s   t h e   e l e c t r o g   p l a s m a   a s   b e i n g  
a b l e   t o   s u p p o r t   a n   e l e c t r o m a g n e t i c  wave a t   f r e q u e n c i e s   g r e a t e r   t h a n  v . A t  
t h e s e  f r e q u e n c i e s  t h e  m e t a l  is  p red ic t ed  to  change  f rom a r e f l e c t i n g  p t o  a 
t r a n s m i t t i n g  medium. The plasma  f requency i s  t h e  same a s  t h a t   g i v e n   b y   t h e  
i n d i v i d u a l  f r e e  e l e c t r o n  model  where  the 1Qng range Coulomb i n t e r a c t i o n s  a r e  
n e g l e c t e d .  Many m e t a l s   s t u d i e d   t h u s   f a r  do e x h i b i t  a r e g i o n  of r e l a t i v e  
t r a n s p a r e n c y  i n  t h e  v i c i n i t y  of v . 
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No o p t i c a l  d a t a  p r e v i o u s l y  e x i s t e d  f o r  c a r b o n ;  h o w e v e r ,  a l a r g e  c h a r a c -  
t e r i s t i c  e l e c t r o n  e n e r g y  l o s s  h a s  b e e n  o b s e r v e d  a t  22 ev by s e v e r a l  o b s e r v e r s  
[ 1 6 , 2 2 , 9 7 ] .  The f r e e   e l e c t r o n   p l a s m a   f r e q u e n c y  i s  c a l c u l a t e d   t o   b e   2 3 . 6 e v  
(5268) i f  t h e  d e n s i t y  o f  c a r b o n  is t a k e n  t o  b e  2 gm/cc a n d  i f  t h e  number  of 











Figure  27. Typ ica l  response  of a d e t e c t o r   u s i n g   a n   i n d i u m   f i l t e r .  
Recent  exper imenta l  r e s u l t s  by  Samson  and  Cairns [ 9 7 ]  f o r  c a r b o n  a r e  
shown i n   F i g u r e  28 f o r  a t h i n   f i l m   a p p r o x i m a t e l y  2702 t h i c k .  The carbon f i l m  
was e v a p o r a t e d  i n  vacuum o n t o  a s u b s t r a t e  a n d  s u b s e q u e n t l y  f l o a t e d  o f f  i n  
d i s t i l l e d  w a t e r  a n d  mounted on a wire mesh. 
The t r a n s m i t t a n c e  d e c r e a s e s  c o n t i n u o u s l y  f r o m  41 p e r c e n t  a t  20002 t o  1 
p e r c e n t   a t  10002 . Between 9008 and 6008 ca rbon  is  v e r   h i g h l y   a b s o r b i n g .   I n  
t h e  v i c i n i t y  of  t he  f r ee -e l ec t ron  p l a sma  f r equency  (526  H ) t h e  t r a n s m i t t a n c e  
a g a i n   s t a r t s   t o   i n c r e a s e   r e a c h i n g  56 p e r c e n t   a t  2098.  Presumably ,   the   t rans-  
m i t t a n c e  w i l l  r e a c h  a maximum a t  s h o r t e r  w a v e l e n g t h s  a n a  f a l l  t o  z e r o  a t  4 3 . 6 8 ,  
the   carbon K abso rp t ion   edge .   Th i s  is  r e p r e s e n t e d   b y   t h e   d a s h e d   c u r v e   i n  
F igu re  2 8 .  
The t r a n s m i t t a n c e  a t  3048 i s  30 p e r c e n t  w h i l e  a t  5842 i t  i s  abou t  1 pe r -  
c e n t ,  a d i s c r i m i n a t i o n   o f  3 0 : l .  I n c r e a s i n g   t h e   t h i c k n e s s   b y  a f a c t o r   o f  2 
prov ides  a d i s c r i m i n a t i o n  o f  9 0 0 : l  w i t h  a t r a n s m i t t a n c e  o f  9 p e r c e n t  a t  3048.  
For  che d e t e c t o r  s y s t e m  t o  b e  s e l e c t i v e  ( w i t h  a 1008 maximum bandpass 
width)   use  can  be made o f  t h e  s e l e c t i v e . n a t u r e  o f  t h e  p r i m a r y  p r o c e s s ,  f i l t e r s ,  
and /o r  a d i f f r a c t i o n  g r a t i n g .  
F lux   t h re sho ld   r equ i r emen t .  The f l u x   t h r e s h o l d   f o r   d e t e c t i n g   r a d i a t i o n  
between 100 and 1250x depends   on   the   type   o f   de tec tor   used .  The e f f i c i e n c i e s  
o f  t he   pho ton   conve r s ion   fo r   t he   t h ree   p r imary   p rocesses   a r e   app rox ima te ly  
a s   f o l l o w s :  
Pho to ion iza t ion   100   pe rcen t  
P h o t o e l e c t r i c  10 p e r c e n t  
F luo rescence  20 p e r c e n t  
A l though   pho to ion iza t ion  looks  most   promising,   the   s imple  geometry  of   the 
d e t e c t o r  r e q u i r e s  a s m a l l  a p e r t u r e  t o  p r e v e n t  a r a p i d  l o s s  o f  g a s ;  t h u s  i t s  
s e n s i t i v i t y  i s  r e d u c e d   s l i g h t l y .  The pho toe lec t r i c   p rocess   on   t he   o the r   hand  
wh i l e  on ly  - 10 p e r c e n t  e f f i c i e n t  i n  t h e  p r i m s r y  s t a g e  c a n  b e  u s e d  i n  c o n j u n c -  
t i o n  w i t h  a n  e l e c t r o n  m u t i p l i e r  w i t h  g a i n s  up t o  o n e  m i l l i o n .  The f l u o r e s c e n c e  
t echn ique  wh i l e  u s ing  the  advan tages  o f  a p h o t o m u l t i p l i e r  s u f f e r s  f r o m  b e i n g  
s e n s i t i v e  t o  s c a t t e r e d  v i s i b l e  l i g h t .  
Wavelength  Resolut ion.  The m o s t   d i r e c t   a n d   p r e c i s e   m e t h o d   f o r   d i s p e r s i n g  
r a d i a t i o n  i n t o  a n y  d e s i r a b l e  b a n d p a s s  is  t h e  u s e  o f  a c o n c a v e  d i f f r a c t i o n  g r a t i n g  
monochromator. A very  compact   monchromator   can  supply a -1002  bandpass .  A s  a 
s i n g l e  i n s t r u m e n t ,  h o w e v e r ,  t o  c o v e r  t h e  r a n g e  100 to 10008 and Lyman Q (1215.78) , 
a s i m p l e  g ra t ing  in s t rumen t  wou ld  p roduce  ove r l app ing  h ighe r  o rde r  spec t r a .  
The n e e d  t h e n  a r i s e  f o r  f i l t e r s  a s  d e s c r i b e d  a b o v e ,  a n d / o r  t h e  u s e  of a s e l e c -  
t i v e  p r i m a r y  p r o c e s s .  
The use of  a g a s - f i l l e d  i o n  c h a m b e r  p r o v i d e s  w e l l - d e f i n e d  o n s e t  l e v e l s  
f o r   d e t e c t i o n   a n d   w e l l - d e f i n e d   w a v e l e n g t h   i n t e r v a l s .   F o r   i n s t a n c e ,  a hel ium- 
f i l l e d  i o n  chamber  or  Geiger  counter  w i l l  r e s p o n d  o n l y  t o  r a d i a t i o n  o f  w a v e l e n g t h s  
s h o r t e r  t h a n  5 0 4 . 2 2 ,  w h i l e  a n  a r g o n - f i l l e d  c o u n t e r  w i l l  ope ra t e  f rom 7 8 6 . 7 2 .  
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WAVELENGTH ( 1 1  
TRANSMTTANCE OF CARBON 270 1 THICK 
Figure  28. Transmi t tance  of carbon 27051 t h i c k .  The 
d a s h e d  c u r v e  r e p r e s e n t s  t h e  s u g g e s t e d  
t ransmi t tance  be low 20011. 
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Applicat ion.   In   the  previous  paragraphs,   the   detect ion  of  vacuum u l t r a -  
v i o l e t  r a d i a t i o n  as w e l l  as the  ca l ib ra t ion  o f  t hese  de t ec to r s  has  been  d i s -  
cussed  in  gene ra l  terms. For  the  s imula t ion  of t h e  D and E reg ions ,  it has 
been shown that  the fol lowing wavelengths  namely Lyman a: 1215.78) , Lyman B 
(1025.7x), C I11 (977.08), Lyman € (937.88), He I1 (584.5 i ) and He I (303.88) 
are pe r t inen t  fo r  s imula t ion .  The choice  of  de tec tors  w i l l  depend on whether 
s imula t ion  i s  performed  s imultaneously  or   separately.   Ideal ly ,   s imultaneous 
s imula t ion  i s  des i r ed ;  however, t h i s  i s  not  without  consequence.  Depending 
on t he  level of soph i s t i ca t ion ,  t he  va r ious  op t ions  of s imula t ion  are shown 
in  Tab le  23 and the suggested modes of  s imulat ion ar.e noted  in  Tables  24 and 
25. 
Some comments on the  va r ious  de t ec to r s  may w e l l  be  in  o rde r .  Seve ra l  
types of de tec tors  can  be  used  to  de tec t  the  per t inent  wavelengths .  F i r s t  
and  foremost ,   the   s tandard  detector  (100 t o  20008) f o r  case 1 (Table 24) i s  
the convent ional  photomult ipl ier  which has  been coated with sodium sal icylate .  
This   mater ia l   f luoresces  a t  about 41002. Since it does  not  behave as a 
narrow  band de tec to r ,  t he  s imula t ed  r ad ia t ion  must be monochromatic, i.e., 
each  wavelength  must  be  duplicated  separately.  One of  the  inherent  problems 
of  t h i s  d e t e c t o r  i s  i t s  r e s p o n s e  t o  s c a t t e r e d  v i s i b l e  l i g h t .  It can  be 
avoided by using a mul t ip l i e r  w i th  a pure metal photocathode such as tungsten.  
Since tungsten has a photoelectr ic  onset  of  14002, i ts  useful  range i s  r e s t r i c -  
ted  to  shor te r  wavelengths .  This  removes the  problem of  sca t te red  v is ib le  
l i g h t  and allows a l l  r a d i a t i o n  below  14002 to  be  moni tored .  Under these con- 
d i t i o n s  a monochromator i s  e s s e n t i a l .  
For case 3 (Table 25) where the radiat ion i s  not  d i spersed  monochromat- 
i c a l l y ,  o t h e r  t pes of  photon  detectors are u t i l i zed .  Fo r  the  de t ec t ion  of 
Lyman U (1215.7 ii ) ,  the  most appropr ia te  de tec tor  i s  the  photo ioniza t ion  
c o u n t e r  f i l l e d  w i t h  n i t r i c  o x i d e .  T h i s  g a s - f i l l e d  c o u n t e r  i s  p a r t i c u l a r l y  
adaptab le   for  Lyman (1215.72)  and i s  an  accepted  s tandard  for   measuring 
absolute   photon  f luxes  in   the 1050 t o  13502  region. A t y p i c a l  e f f i c i e n c y  
of a n i t r i c  o x i d e  i o n  chamber a t  Lyman CX with  a l i t h i u m  f l u o r i d e  window i s  
approximately 50 percent ,  i .e.,  50 percent of the incident photons are 
u t i l i z e d  t o  form ions.  
For a l l  other wavelengths,  the method of photoemission of metals for  de-  
t e c t i o n  and ca l ibra t ion  of fe rs  severa l  advantages  over  o ther  techniques .  
The designated  construct ion  can  be  accomplished  easi ly .   Since  the  detector  
w i l l  b e  l o c a t e d  i n  t h e  d i f f e r e n t i a l  pumping assembly outs ide the s imulat ion 
chamber, i t  can be moved i n  and out  of  the l ight  beam wi th  a minimum of 
d i f f i c u l t y .  Such de tec tors  cannot  on ly  moni tor  the  vuv  rad ia t ion  in  a 
rou t ine  manner, t hey  a l so  se rve  as secondary  standards when c a l i b r a t i o n  i s  
necessary.  It i s  suggested,   however ,   that   the   var ious  plat inum  detectors  
be  ca l ib ra t ed  aga ins t  t he  pho to ion iza t ion  o f  rare g a s e s  t e c h n i q u e  i n i t i a l l y  
p r i o r  t o  mounting i n  t h e  chamber. 
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TABLE 23  
METHODS OF SIMULATION 
Case 1 - Each l i n e  i s  Most a p p l i c a b l e  One l i g h t  s o u r c e  a n d  o n e  
s i m u l a t e d  
v io l e t   monochromato r .   s epa ra t e ly  . 
and l e a s t  s t a n d a r d  vacuum u l t r a -  
expens ive  . 
Case 2 - All l i n e s  a r e  Most expensive S i x  l i g h t  s o u r c e s  a n d  o n e  
s i m u l a t e d  
v i o l e t  % - m e t e r .  a n d  f i v e  s i m u l t a n e o u s l y .  
method. s t a n d a r d  vacuum u l t r a -  
s p e c i a l l y  c o n s t r u c t e d  
monochrometers. 
Case 3 - All l i n e s  a r e  A compromise. S i x  l i g h t  s o u r c e s ,  o n e  
s imula  t ed  s t anda rd  vacuum u l t r a -  
s i m u l t a n e o u s l y .  v i o l e t  %-meter mono- 
c h r o m a t o r ,   t h i n   f i l m  
a n d  g a s  f i l t e r s .  
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TABLE 24 
MODES OF SIMUIATION 
CASE 1 and CASE 2 
Method  of 
Simulation Methods Detect ion 
Method  of Ca 1 ibra t ion 
- "~ ~ . . .. 
Pho  tomul t ipl ier 
chroma  tor coating 
lamp  and mono- nitric  oxide salicylate 
filament  discharge chamber  with with  sodium 
Hydrogen hot Standard  ion 
Photomultiplier Standard  ion Hydrogen hot 
with sodium chamber  with  filament  discharge 
salicylate oxygen and lamp  and mono- 
coating differential  chromator 
pump i ng 
Photomultiplier Mixture  of  carbon  Photoionization 
with sodium of rare gases 
charge lamp  and coating 
hot filament dis- saiicylate 
dioxide  and  oxygen, 
monochromator 
Photomultiplier Hydrogen hot Photoionization 
with sodium of rare gases 
chromator coating 
lamp  and mono- salicylate 
filament  discharge 
Photomultiplier Photoionization Helium hot filament 




coa t ing 
monochroma tor salicylate 
charge lamp  and of rare gases with sodium 
Helium spark dis- Photoionization Photomultiplier 
~~ 
Depth at 




1215.78 75 km 
1025.78 108 km 
977.08 120 km 
937. a8 136 km 
584.551 2 200 km 























Method  of 
Detection 
Photoionization 
counter or  pho- 













Ca 1 ibra t ion 
Methods 
Standard  ion 
chamber  with NO 
or photoemission 




gas  filter 
Photoemission 











hot  filament dis- 
charge  lamp  with 
LiF window 
Hydrogen hot fil- 
ament  discharge 
and  lamp,  thin 
film filter 
Carbon  dioxide- 
oxygen (trace) 
hot  filament dis- 
charge lamp, mono- 
chroma tor 
Hydrogen hot fil- 
ament discharge 
lamp  with  thin 
film filter 
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D i f f i c u l t i e s  ar ise  i f  u n d i s p e r s e d  r a d i a t i o n  f r o m  a hydrogen  d ischarge  
and a t h i n - f i l m  f i l t e r  are u s e d  f o r  s i m u l a t i n g  Lyman f3 (1025.7g)  and Lyman E 
(937.82).  Unwanted c o n t r i b u t i o n s   o f   a l m o s t   e q u a l   i n t e n s i t y   d u e  Lyman y 
(972.58)  and Lyman 6 (949.72), as w e l l  as the  unde r ly ing  con t inuum w i l l  be  
t r ansmi t t ed   a l so .   Fo r   ca l ib ra t ion   pu rposes ,   however ,   t he  Lyman p (1025.7%) 
l i n e  c a n  b e  i s o l a t e d  b y  means of a n i t r o g e n  gas f i l t e r .  The n e x t  s e c t i o n  
shows i n  some d e t a i l  t h e  u p p e r  l i m i t  o f  d e t e c t a b i l i t y  of t h e  v a r i o u s  d e t e c -  
t o r s  f o r  a c t u a l  s i m u l a t e d  d e n s i t i e s  i n  t h e  s p a c e  chamber.   The  predicted 
performance i s  t abu la t ed  . i n  Tab le  26 .  
The parameters  in  Table  26 were determined by assuming a s i m u l a t i o n  chamber 
of   l -meter   diameter .  The t a r g e t  i s  c o n s i d e r e d   t o   b e   i n . t h e   c e n t e r   o f   t h e  
chamber 50 cm f r o m   t h e   l i g h t   s o u r c e .  As a max imized   cond i t ion   fo r   de t ec t ion ,  
t he   de t ec to r   ( i on   chamber ,   pho tomul t ip l i e r ,   Ge ige r   coun te r )  i s  assumed t o   b e  
100 cm f r o m  a n d  d i r e c t l y  o p p o s i t e  t h e  l i g h t  s o u r c e .  A half-meter  monochromator 
i s  c o n s i d e r e d  f o r  t h e  c a l c u l a t i o n s  o f  r e d u ' c e d  f l u x  a t  t h e  t a r g e t ,  a c c o r d i n g  
to   the   fo l lowing   geometry :  
Targe t  
E x i t  




- .) + 4~ cm+ 
2 5  r = R t a n  a 
40 ~ = n r 2  I T  A ' t a n  = - = .062 
& = monochromator  in tens i ty  
IT = i n t e n s i t y  a t  t a r g e t  
= -  
1 f o r  50 cm, r e d u c t i o n  f a c t o r  is - 
30.2 
fo r   100  cm, r e d u c t i o n  f a c t o r  is - 1 
120 
F o r  a n  u n d i s p e r s e d  s o u r c e ,  t h e  r e d u c t i o n  f a c t o r  i s  
I = u n d i s p e r s e d   i n t e n s i t y  




IONOSPHERIC SIMULATION OF STRONG SOLAR EUV EMISSION LINES 
(1-Meter  Diameter Chamber) 
(7) (8 1 
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E f f e c t i v e  c r o s s  s e c t i o n  f o r  a i r  d e r i v e d  f r o m  Watanabe and Hinteregger  t ransmission data  ( reference 
[22]) .  A l l  d a t a  f o r  H Lyman E a r e  e s t i m a t e s .  
** 
E f f e c t i v e  c changes  with  a l t i tude  above  120 km owing t o   t h e   v a r i a t i o n   i n   m i x i n g   r a t i o s .  a i r  
TABLE 26 ( con t inued)  
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2 .4(8)  
1 .6 (9 )  
3.8  (9) 
‘ S o l a r   f l u x   v a l u e s   f r o m   S c h u l t z ,  E .  D .  and  Holland, A . C . ,  [ 2 4 ] .  
f o r  50 cm, r e d u c t i o n   f a c t o r  i s  x 10-4 
3.12 
f o r  1 O C  cm, r e d u c t i o n  f a c t o r  is  - 1 . 2 6  x 
The maximum source  in t ens i ty  fo r  monochromato r  and  und i spe r sed  sources  is  
l i s t e d   f o r   t h e   v a r i o u s   w a v e l e n g t h s   i n   c o l u m n s  ( 7 )  and  (8) .   For   the mono- 
chromat ic   sources ,   the   va lue   quoted  i s  t h e  t o t a l  number of p h o t o n s   e m i t t e d   a t  
the   ex i , t  s l i t  pe r   s econd .   In   co lumns   (9 -12)   t he   h ighes t   a t t a inab le   f l ux   a t  
d i s t a n c e s   o f  50 cm and  100 cm i s  t a b u l a t e d .  The C I I I  l i n e   c a n  be g e n e r a t e d  
a s  a n  i s o l a t e d  l i n e  o n l y  b y  u s i n g  a monochromator. 
In   t he   mode l   a tmosphe re   cons ide red   fo r   t he   t r ansmiss ion   ca l cu la t ions ,  
mo lecu la r  n i t rogen  and  oxygen  and  a tomic  oxygen  a re  the  on ly  cons t i t uen t s  
i nc luded .  A l l  m i n o r   c o n s i t i t u e n t s   a r e   n e g l e c t e d  owing t o  t h e i r  r e l a t i v e l y  
s i g n i f i c a n t   a b s o r p t i o n .  With t h e   x c e p t i o n  of t h e  H Lyman l i n e ,   t h e   t o t a l  
a b s o r p t i o n   c r o s s   s e c t i o n s   f o r  N 0 and 0 a r e   f r o m  Samson and   Cai rns   [16] .  
An e f f e c t i v e  c r o s s  s e c t i o n  f o r  6' 0 a t  t h e  H Lyman E l i n e  was der ived   f rom 
t h e   t r a n s m i s s i o n   d a t a   p r e s e n t e d  g y  6 a t a n a b e   a n d   H i n t e r e g g e r   [ 2 2 ] .   E f f e c t i v e  
c r o s s  s e c t i o n s  f o r  a i r ,  b a s e d  o n  m i x i n g  r a t i o s  a t  1 2 0  km, appea r  i n  columns 
2 
(3-6) . 
The model  atmosphere  used i s  a combinat ion  of   the U. S .  Standard  Atmosphere 
(1962)  and a r e c e n t   t h e o r e t i c a l   c o n t r j . b u t i o n   b y   J a c c h i a   [ 9 8 ] .   J a c c h i a   h a s  
computed  a tmospheric   densi ty   and  composi t ion  models   for   var ious  exospheric  
temperatures  from a f i x e d  s e t  o f   boundary   cond i t ions   a t   120  km. The J a c c h i a  
model chosen i s  t h a t  i n  which   the   exospher ic   t empera ture   agrees   wi th   the  
corresponding U.S. Standard  Atmosphere  value.  The Standard   Atmosphere   depic t s  
i d e a l i z e d  m i d d l e - l a t i t u d e  y e a r  r o u n d  mean c o n d i t i o n s  f o r  s o l a r  a c t i v i t y  b e t w e e n  
average  and maximum. It i s  r e c o g n i z e d   t h a t   t h e .   t r a n s m i s s i o n   p a r a m e t e r s   i n  
Table  24 w i l l  v a r y  a p p r e c i a b l y  w i t h  t h e  s o l a r  c y c l e .  
W h e t h e r  t h e  s o l a r  e m i s s i o n  l i n e s  o f  i n t e r e s t  c a n  b e  s i m u l a t e d  f o r  t h e  
a p p r o p r i a t e   a l t i t u d e s   d e p e n d s   o n  a number o f   c o n s i d e r a t i o n s .   F i r s t ,   t h e  
t r ansmiss ion   da t a   mus t   be  known a c c u r a t e l y .   A c c o r d i n g l y ,  new da ta   were  
g e n e r a t e d  i n  t h e  l i g h t  o f  a more recent  model  a tmosphere  and  absorp t ion  
c r o s s   s e c t i o n s .   S e c o n d ,   t h e   c a p a b i l i t y   o f   s i m u l a t i n g   t h e s e   l i n e s   a t   t h e  
s p e c i f i e d  i n t e n s i t i e s  a n d  a t m o s p h e r i c  d e n s i t i e s . c o r r e s p o n d i n g  t o  t h e  D and 
E r eg ions  depends  c r i t i ca l ly  on  the  d imens ions  o f  t he  s imula t ion  chamber .  
The va lues   quoted   in   Table   24   per ta in   on ly   to   the   chamber   assumed.  
The a l t i t u d e  r a n g e s  c a p a b l e  of s i m u l a t i o n  a r e  g i v e n  i n  c o l u m n s  ( 1 3 - 1 6 ) .  
Th i s   i n fo rma t ion  i m p l i e s  t h a t  w i t h i n  t h e s e  b o u n d s  a t m o s p h e r i c  d e n s i t y ,  e m i s s i o n  
l i n e  i n t e n s i t y  a n d  d e t e c t i o n  c a n  b e  s i m u l t a n e o u s l y  a c h i e v e d .  
Columns (17,18) p r e d i c t  t h a t  o n l y  t h e  H Lyman a l i n e  p e n e t r a t e s  t o  t h e .  D 
region  ( lower  boundary 55 km); a l l  o t h e r  l i n e s  c o n t r i b u t e  o n l y  t o  t h e  E r e g i o n  
(lower  boundary 90 km). . I n  a l l  c a s e s  t h e  l i n e s  c a n  b e  s i m u l a t e d  t o  t h e  l o w e s t  
appropriate   boundary.   However ,   under   the  assumed maximum c o n d i t i o n s ,   a n   i o n  
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chamber cannot be used owing to a h i g h  d e t e c t i o n  t h r e s h o l d  f o r  t h e  H Lyman E 
l i n e ,  a n d  f o r  t h e  same r e a s o n s ,  o n l y  a Geiger   counter  i s  c a p a b l e  o f  d e t e c t i n g  
t h e  He I1 l i n e .   R e l o c a t i o n   o f   t a r g e t   a n d / o r   d e t e c t o r   c a n   r e m o v e   t h e s e   r e s t r i c -  
t i o n s .  
Column ( 1 3 )  i d e n t i f i e s  t h e  h i g h e s t  c o r r e s p o n d i n g  a l t i t u d e  c a p a b i e  o f  
s i m u l a t i o n .   T h i s   c o n d i t i o n   r e s u l t s   f r o m   t h e   l i n e   i n t e n s i t y  l i m i t  a t   t h e   g i v e n  
d i s t ance   f rom  the   sou rce .  
The ca l cu la t ions  were  pe r fo rmed  as fo l lows :  
In   gene ra l   I (X)  = I exp( -  c ( X )  nL] 
For a gas   mix tu re  I ( X ;  = I e x p   i - L  (1 mi(X)  ni ) } s e c t i o n  0 I = l a b o r a t o r y  i n t e n s i t y  U= a b s o r p t i o n  c r o s s  
n = p a r t i c l e  d e n s i t y  p e r  
L=path  length 
0 
i c c  
For known I ( i n t e n s i t y   a t   t a r g e t )  and I ( t h r e s h o l d  l i m i t  of d e t e c t o r )  a 
number d e n s l t y  l i m i t  can   be   computed   which   cor responds   to   the   lowes t   a l -  
t i t u d e  c a p a b l e  o f  s i m u l t i o n .  
0 
Transmission through an atmosphege i s  c a l c u l a t e d  as f o l l o w s :  
r 0 = s o l a r   f l u x  
I n  g e n e r a l  C!(X:h) = 0 ( X )  
0 expi-m(X) [h n ( h )  dh ) 0 0 = f l u x   o u t s i d e  atmosphere 
Over a l i m i t e d  a l t i t u d e  r e g i o n ,  i t  may be  assumed  that  
r h* 
@ N i =  / ni   (h)  dhi  - n i (h )  cvIi + 
J h  
where ,.:H = 
RT h-R% 
By c o n s i d e r i n g  i n d i v i d u a l  s c a l e  h e i g h t s  v a r y i n g  w i t h  a l t i t u d e ,  t a k e n  i n  10 km 
s t e p s ,  a c l o s e  a p p r o x i m a t i o n  t o  t h e  p a r t i c l e  c o u n t  p e r  cm2 column f o r  c o n s t i t u e n t  
i ,  i s  
95 
where hM >h(M-l). - > 112 > h l  
Using t h i s  e x p r e s s i o n ,  0 from  column  (20)  and  the maximum i n t e n s i t y  0 from 
column ( 9 , 1 0 ) , t h e  minimum number d e n s i t y  p e r  column N can  be  computed  which 
t h e n  d e t e r m i n e s  t h e  h i g h e s t  a l t i t u d e  t h a t  c a n  b e  s i m u l a t e d .  
0 
S o f t  X-Ray Spectrum 
Types   o f   De tec to r s .   Fo r   t he   so f t   X- ray   r eg ion   t he   s imp le   de t ec to r s   ava i l -  
a b l e   a r e :  a g a s   c o u n t e r   ( p r o p o r t i o n a l   a n d   G e i g e r   r e g i o n s ) ,  a p h o t o m u l t i p l i e r  
w i t h   a n   a p p r o p r i a t e   s c i n t i l l a t o r ,   a n d  a photographic   emuls ion .  The Geiger 
c o u n t e r  a n d  t h e  p h o t o m u l t i p l i e r  a r e  v e r y  u s e f u l  s i n c e  a m u l t i p l i c a t i o n  f a c t o r  
o f  > 1 0 6   a l l o w s   f o r   t h e   d e t e c t i o n  of v e r y   s m a l l   f l u x e s .  
A s u r v e y  o f  t h e  p o s s i b l e  c h o i c e s  f o r  m o n i t o r i n g  t h e  s i m u l a t e d  X - r a y  f l u x  
h a s  shown t h a t  t h e  m o s t  f e a s i b l e  is  an  ion iza t ion  chamber  o r  pho ton  coun te r  o f  
t h e   t y p e s   s u c c e s s f u l l y   f l o w n   i n   r o c k e t - b o r n e   e x p e r i m e n t s   [ 9 9 ] .   T h e s e   c o u n t e r s  
h a v e   s e n s i t i v i t i e s   i n   t h e   f o l l o w i n g   r a n g e s :  8 t o  20, 44 t o   60 ,   and  44 t o  1008. 
The d e t e c t o r s  w i l l  d e t e r m i n e  t h e  m a j o r  a r e a s  of t he  ene rgy  cu rve  and  thus  
m o n i t o r  t h e  d i s t r i b u t i o n  o f  t h e  X - r a y  s p e c t r u m  w i t h  r e a s o n a b l e  a c c u r a c y .  The 
s p e c t r a l  s e n s i t i v i t i e s  o f  v a r i o u s  t r a n s m i s s i o n  windows f o r  t h e  h a r d  a n d  s o f t  
X- ray   r eg ions   a r e  shown i n   F i g u r e s  29 t o  3 3 .  The p e r t i n e n t   p a r a m e t e r s   r e g a r d -  
i n g  g a s  f i l l i n g  a n d  window c h a r a c t e r i s t i c s  a r e  n o t e d .  
S e v e r a l   g a s   m i x t u r e s   a r e   s u i t a b l e   i n   G e i g e r   c o u n t e r s .   U s u a l l y  a r a r e   g a s  
i s  combined  with a quenching  agent ,  a s i m p l e  hydroca rbon  such  a s  a l coho l  o r  
e t h e r ,  a ha logenated   hydrocarbon  such   as   methylene   b romide ,  a h a l o g e n ,  o r  n i t r i c  
ox ide .  In some c a s e s ,   p o s s i b l e   r e a c t i o n   w i t h   t h e   t u b e   m a t e r i a l   m u s t   b e   c o n -  
s i d e r e d  [ 2 0 ] .  The 44 t o   608   Ge ige r   coun te r   a s   des igned   by   Acca rdo  [100] i s  
s u g g e s t e d  a s  t h e  m o s t  v e r s a t i l e  a n d  a p p r o p r i a t e  s o f t  X - r a y  m o n i t o r  f o r  t h e  
i o n o s p h e r i c  s i m u l a t o r .  
Opera t ion  of Geiger  Counter.  The o p e r a t i o n   o f  a Ge ige r   coun te r  i s  de-  
p e n d e n t  u p o n  t h e  i n c i d e n t  r a d i a t i o n  p r o d u c t i n g  a t  l e a s t  a s i n g l e  i o n  p a i r  w i t h i n  
the   s c lns i t i ve   vo lume   o f   t he   coun te r .   Th i s  w i l l  i n   g e n e r a l   b e  a f u n c t i o n   o f  
many pa rame te r s   i nc lud ing   t he   t ype  of r a d i a t i o n  ( q u a n t u m  o r  c o r p u s c u l a r ) ,  t h e  
e n e r g y   o f   t h e   r a d i a t i o n ,   t h e   w a l l   t h i c k n e s s  of t h e  c o u n t e r ,  g a s  f i l l i n g ,  e t c .  
Subsequen t   t o   t he   p roduc t ion  of t h e  i o n  p a i r ,  t h e  e l e c t r o n  i s  a c c e l e r a t e d  t o  
the   anode   (u sua l ly  a t u n g s t e n   o r   n i c k e l  wire o f   s e v e r a l  m i l s  d i a m e t e r ) .  A s  
t h e  e l e c t r o n s  a p p r o a c h  t h i s  r e g i o n  o f  h i g h  e l e c t r i c  f i e l d  s t r e n g h t  i n  t h e  
v i c i n i t y  o f  t h e  c e n t e r  wire ,  t h e y  o b t a i n  e n o u g h  e n e r g y  t o  f u r t h e r  i o n i z e  t h e  
g a s   i n   t h e   c o u n t e r   b y   c o l l i s i o n s .   T h i s   p r o c e s s   r e s u l t s   i n  a Townsend ava lanche  
a long  the  wire and  g ives  r i se  t o  a n  e l e c t r i c a l  p u l s e  c a p a b l e  o f  b e i n g  d e t e c t e d  
i n   e i t h e r   t h e   a n o d e   o r   c a t h o d e  of t h e   c o u n t e r .  A t race  amount   of   quenching 
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Figure 29. Spectral  sensitivities of photon  counters  with  Mylar  and 
Glyptal  windows.  Discontinuities at 22 and 432 are  due  to 
oxygen and carbon K edges.  Mylar  is  Dupont  Polyester film. 
Glyptal  is a General  Electric Co. alkyd  resin. [20] 
I 
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Figure 30. Spectral Sensitivity of photon counter with aluminum 
window.' Discontinuities at 8 and 141 are due to A j  
and Ne K edges. [20] 
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WAVELENGTH -ANGSTROMS 
Figure 31. Spectral  sensitivity  of  photon  counter  with  beryllium  window, 
0.005 inch thick f o r  0' and 55O incidence angle. Be K edge 
is far from the region  in  which  tube is used. [20]  
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Figure  32.  S p e c t r a l  S e n s i t i v i t y  of a l u m i n i z e d   P a r l o d i o n   f i l m  (a form 
of c e l l u l o s e   n i t r a t e ) .  [IO11 
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gas  is  u s e d  w i t h  t h e  p r i m a r y  c o u n t e r  g a s  t o  p r e v e n t  s p u r i o u s  p u l s e s  f r o m  b e i n g  
produced. 
The o p e r a t i n g  v o l t a g e  o f  t h e  c o u n t e r  is  usua l ly  found f rom a p l o t  o f  t h e  
c o u n t  r a t e  a s  a f u n c t i o n  o f  t h e  a p p l i e d  v o l t a g e  f o r  a c o n s t a n t  i n t e n s i t y  s o u r c e  
l o c a t e d  a t  some f i x e d   d i s t a n c e   f r o m   t h e   c o u n t e r .   C o r r e c t i n g   f o r   t h e   p u l s e s  
occur r ing  du r ing  the  dead  time c a n  b e  a v o i d e d  i f  a low r a t e  i s  s e l e c t e d  f o r  
th i s   measurement  ( - 100c / sec ) .   Depend ing   on   va r ious   pa rame te r s ,   e .g .   pos i t i on -  
i ng   o f   t he   f i ne   anode  wire,  t h e  n a t u r e  o f  t h e  p l a t e a u  ( r e g i o n  o f  l i n e a r i t y )  may 
d i f f e r .  The o p e r t i n g   v o l t a g e  i s  n o r m a l l y   s e l e c t e d   n e a r   t h e   c e n t e r   o f   t h e  
p l a t e a u  . 
The r a d i a t i o n  t o  b e  m e a s u r e d  is  a d m i t t e d  t o  t h e  c o u n t e r  t h r o u g h  a t h i n  
window which i s  p a r t i a l l y   t r a n s p a r e n t   t o   t h e s e   w a v e l e n g t h s .  The e f f i c i e n c y  
o f  t h e  c o u n t e r  i s  g iven  by  the  p roguc t  o f  t he  t r ansmiss iv i ty  o f  t he  window and 
the  pho to ion iza t ion  o f  t he  Gas :  
where p/p i s  t h e   m a s s   a b s o r p t i o n   c o e f f i c i e n t ,  p is. t h e  d e n s i t y ,  r i s  t h e  d i s -  
t a n c e  t r a v e r s e d  b y  t h e  r a d i a t i o n ,  a n d  W and G d e s i g n a t e  t h o s e  terms p e r t a i n i n g  
t o   t h e  window and   gas ,   r e spec t ive ly .   Fo r   t he   Wave leng ths   o f   i n t e re s t ,   my la r  
h a s  p r o v e n  s u c c e s s f u l y  a s  a window s i n c e  i t  a l lows  the  wave leng ths  44  to  608  
and 2 t o  20a t o   b e   t r a n s m i t t e d .  The h i g h   e n e r g y   c u t o f f   a t   4 3 . 6 8  i s  determined 
by t h e  K e d g e  o f  c a r b o n  ( p r i n c i p a l  c o n s t i t u e n t  o f  m y l a r ) ,  a n d  t h e  t r a n s m i s s i v i t y  
a t  l o w e r  e n e r g i e s  f a l l $  o f f  approx ima te ly   a s   t he   i nve r se   cube   o f   t he   wave leng th .  
The pr imary   gas ,   neon ,   has  a v e r y  h i g h  m a s s  a b s o r p t i o n  c o e f f i c i e n t  a t  t h e  
h igher   wavelength  window a n d   d r o p s   w i t h   i n c r e a s i n g   e n e r g y .  The neon i s  mixed 
wi th   1 .15   pe rcen t   i sobu tane   wh ich   s e rves   a s   t he   quench ing   agen t .   Fo r  a 1 / 4  
m i l  mylar window th i ckness  and  gas  p re s su res  o f  one -ha l f  t o  one  a tmosphe re ,  
t h e  n o r m a l  c o u n t e r  e f f i c i e n c y  a t  44 t o  6 0 8  i s  a few  percent .  
Cons t ruc t ion   of   Geiger   Counter .  A photograph   of   the   p roposed   des ign  i s  
shown in   F igu re   34 .  The Ge ige r   coun te r  i s  a rugged   s ide-window  type ,   se l f -  - 
quenched ,  wi th  meta l  envelope  and  window s u p p o r t  c o n s t i t u t i n g  t h e  c a t h o d e ,  a n d  
c e r a m i c - m e t a l   f e e d - t h r o u g h s   f o r   s u p p o r t   o f   t h e   c e n t r a l   a n o d e  wire .  A meta l  
exhaust-gas  f i l l  t u b u l a t i o n  i s  c e n t r a l l y  l o c a t e d  i n  t h e  s i d e  o f  t h e  e n v e l o p e .  
The t u b e s  a r e  f i l l e d  t o  a g i v e n  p r e s s u r e  a n d  p i n c h e d  o f f .  
I n h e r e n t  t o  t h e  d e s i g n  i s  c o n s i d e r a b l e  f l e x i b i l i t y  i n  u s e  o f  window 
m a t e r i a l s ,   g a s - f i l l s ,   a n d   c a t h o d e   a n d   a n o d e   m a t e r i a l s .   F o r   t h e   p a r t i c u l a r  
a p p l i c a t i o n  t o  r a d i a t i o n  i n  t h e  r a n g e  o f  4 4  t o  6 0 g ,  a v e r y  t h i n  m y l a r  window 
(0.00025  inch)  i s  a t t a c h e d  t o  t h e  window s u p p o r t  b a s e  b y  a s p e c i a l  t e c h n i q u e .  
The a p e r t u r e  i s  1 / 4 - i n c h  d i a m e t e r ,  b u t  i s  e a s i l y  c h a n g e d  t o  a n y  p r a c t i c a l  s i z e .  
C a l i b r a t i o n .   W i t h   t h e   e x c e p t i o n   o f   d i s p e r s i v e   X - r a y   o p t i c s   ( g r a t i n g  
s p e c t r o g r a p h ) ,  w h i c h  i s . e x p e n s i v e  a n d  h i g h l y  s p e c i a l i z e d ,  i t  is  v e r y  d i f f i c u l t  
t o  o b t a i n  m o n o c h r o m a t i c  s o u r c e s  i n  t h e  s o f t  X - r a y  r e g i o n  a n d  m o s t  e x p e r i m e n t a l i s t s  
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Figure 3 4 .  Side window-type  Geiger  counter. 
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L" 
have depended on theoretical  efficiency  curves. Compton. and  Allison [lo31 
suggest  that absolute  intensities  are  perhaps  most  easily  found by measur- 
ing  the  heat  produced  from X-rays with, for  example,  a bolometer. Tomboulian 
[lo41 indicated  that  a  specially  constructed  Geiger  counter  under  a  given 
situation can measure  absolute  photon  fluxes of soft  radiation.  Preliminary 
theoretical calculations of absolute  intensities, made by Tomboulian [lo41 
may  be  applied  for  calibration  purposes.  Generally, few if  any  reliable 
methods are available for the calibration  of  counters in the  soft X-ray region. 
The 44 to 608 Geiger  counter  flown by GCA  Corporation [ l o o ]  was  calibrated 
with  an irm-55 isotope source. This isotope  emits  a  monochromatic  X-ray  at 
1.98  which  lies  within  the  higher  energy window of the  mylar  counter as seen 
in Figure 29. Since  the  source  strength is 5 millicuries it  is  possible  to 
obtain  relative  efficiency  measurements at various  aspect  angles.  Unfortunately, 
an absolute  efficiency  calibration of the  counter  for this  wavelength i s  not 
possible  since  the flux from the  source  is  not known accurately. 
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V. IONOSPHERIC SIMLTLATION FACILITY 
As shown  in the foregoing  discussion,  the  simultaneous  simulation  of 
many  ionospheric  parameters  is  possible.  These  include uv and X-ray  radiation 
and  the  production of charged  particles by either  direct  ionization of the 
gas  within the chamber or by injecting a space-charge  neutralized  particle 
beam from a plasma  gun  exterior  to  the  chamber. Similarly, it  is possible 
to produce  atomic  oxygen  either by direct  photodissociation  of  oxygen  within 
the chamber  or by producing  atomic  oxygen  exterior to  the  chamber  and  inject- 
ing a beam  containing a known  mixture  of  atomic  and  molecular  oxygen  through 
a port  in  the  chamber  wall. 
Both  the  external  plasma  gun  and  the  external  atomic oxygen  generator 
are expensive and bulky,  particularly  because  they  require' a fairly  complex 
differentially-pumped  vacuum  system. They  are  also  expensive  and  need  not  be 
an  integral  part of the  initial  installation,  provided  adequate  floor  space 
is  allowed  and sufficient  vacuum  connecting  ports on the simulation  chamber 
are  provided  for  their  eventual  installation 
The  present discussion will, therefore, 
vacuum  chamber  proper,  the  vacuum  system and
of charged  particle and atomic  oxygen  densit 
in.tegra1  with  the  ionospheric  simulator. 
i 
be confined to  the design  of the 
the  equipment  for  the  simulation 
es, and X-ray and  uv radiation 
Much  thought  has  been given to  the simulation  chamber  concept and in view 
of the complexity and  cost of much of the associated  equipment, it was felt 
that considerations  pertaining to ruggedness  and  ease of assembly and opera- 
tion  should govern the design. 
For  this reason, a metal  vacuum  chamber is proposed with adequate con- 
necting  and  viewing  ports  to  permit  accessibility  and  visual  observation. 
High-quality  stainless-steel  vacuum  components  of  great  variety ar  now 
available  commercially and  this  type of construction  has  considerable  merit 
compared with a glass  chamber.  In  particular, it  is a  simple  matter to change 
the configuration  of  an  experimental  arrangement, if all  components  are  fitted 
with  metal  flanges  which are  readily  interchangeable.  With a glass  chamber, 
on the other hand, even  small  modifications  require  expert  skill and notwith- 
standing  great  care  and  patience,  costly  and  time-consuming  accidents will 
occur. 
A stainless-steel  chamber  is  not  incompatible  with any of the  proposed 
methods of simulation  except with the production of atomic oxygen by  photo- 
dissociation.  This  latter  experiment  requires a liner of low  recombination 
rate, such  as  pyrex  or  teflon  which can readily  be  inserted  into he  chamber. 
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It will be shown  subsequently that a circular  1-meter  diameter  chamber 
will  permit  the  installation of all instrumentation  considered  necessary. 
For  adequate  flexibility  sixteen 6-inch flanged  ports  are  recommended  which 
will  be  staggered in two  rows on the  circumference. In addition,  glass  view- 
ing  ports which  are  commercially  available in many  sizes can be mounted  along 
the circumference or on top of the  chamber.  The concept of the complete  sim- 
ulation  facility  is shown in  Figure 35. 
?he  Vacuum  System 
Methods of Pumping.  The  operating  pressure of the simulation  chamber 
covers  the region  from  approximately 1 torr  to 10-6 torr. 
Whereas  the  attainment  of  these  pressures  presents  little  difficulty 
with  conventional  vacuum pumps, it  is considered  desirable to provide a 
pumping  system  which is accident-proof and does not introduce  undesirable 
and uncontrolled  contaminants. 
During  the  past  decade  it has been  established  conclusively  that  both 
mechanical  eccentric  rotor  pumps  and  oil  diffusion  pumps,  no  matter how well 
trapped, can seriously  contaminate the various  components  of a vacuum  system 
and  affect  the mechanical and electrical  performance of test  objects  placed 
in  such  systems. Furthermore,  accidental  exposure of hot  pump  oil to atmos- 
pheric  pressure  may  necessitate a lengthy and laborious  cleaning  procedure -
costly  in  time  and  manpower. 
Although liquid-nitrogen-trapped  mercury  diffusion  pumps  can  operate in 
completely contamination  free  fashion, they require a constant  supply  of  liquid 
nitrogen (the vapor pressure of mercury is approximately tor at room 
temperature). Furthermore,  accidents are likely to  be  far more  serious in 
view  of  the  toxic nature of mercury vapor. 
It is fortunate  that  the  state  of  the  vacuum  art has progressed to a 
point where  most of these  difficulties can be  overcome  in a simple  manner. 
Reduction from  atmospheric  pressure  below  1  torr  in  completely  oil-free 
fashion can be  attained  by means  of  liquid-nitrogen  chilled  zeolite  sorption 
pump.  For example, a sorption pump  containing 2 lb of zeolite after pre- 
chilling, can evacuate a 100-liter  volume to 0.1 torr in less  than 10 minutes. 
The  limitation  of zeolite  sorption  pumps  is  their  inability to  pump helium 
and neon,  whose  partial  pressures in the  atmosphere  are  1.4 x and 
4 X torr, respectively. Thus, simple sorption pumping cannot reduce the 
total  pressure  below  torr. 
Oil-free  pumping in the range  from 10 torr to  torr can however, be 
performed  by mechanical  pumps  which  employ the  Roots  principle.  They  are 
relatively  simple in construction,  consisting  primarily of two  "figure-eight'' 
intermeshing rotors  revolving in a close-fitting  housing, and a motor.  The 
rotors counter-rotate and  are  synchronized  by  a  pair  of  timing  gears  mounted 
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Figure 35. Ionospheric simulator block diagram 
Although  Roots  pumps can discharge  directly to atmosphere  without  backing 
pumps  to  produce a rough  vacuum, this  procedure  is  not  recommended.  The 
addition  of a backing  pump  makes it possible to operate the  Roots  pump  at 
lower  inlet pressures;  the low pressure  limit  under  these  conditions  is  about 
10-5 torr. The rotors of Roots  pumps  are  precision  machined  to  insure a 
minute  clearance  between the  rotors  themselves  and  between  the  rotors  and  the 
chamber  wall.  As a result, no sealing  or  lubricating  oil  is  needed  in  the 
pumping  chamber. In consequence, backmigration of pumping  fluid is essentially 
eliminated. For ultimate  cleanliness, a liquid-nitrogen  cooled trap  may  be 
provided  at  the  inlet  of  the  Roots  pump  and a dry-ice or zeolite trap  ahead 
of  the  backing  pump. 
Whereas  Roots  pumps  operate  efficiently  over  the  pressure  region  covering 
the  whole  of  the D Region and  the  lower E region, they  are  not  capable  of 
efficiently  reproducing  the  pressure  of  the  upper E Region.  This  limitation 
may  be  acceptable  for  initial  operation of the  ionospheric  simulator. How- 
ever, if evacuation to lower  .pressures  is desired, this can also  be  accom- 
plished in accident-proof and fluid-free  fashion.  Titanium  sputter-ion  pumps 
function  very  efficiently  in  this  pressure  region.  Some  of  the  ions a d
excited  atoms  produced in the  electrical  discharge  of  these  pumps can, however, 
.migrateinto the simulation  chamber. No such  problems  arise  with  turbo- 
molecular  mechanical  pumps  which  perform  satisfactorily  from  about 10-3 to 
below 10-9 torr. These pumps  consist  of a st.ator  and  rotor  made  up  of  discs 
into  which  are  milled  inclined  radial  slits.  The  rotational  speed of the 
rotor  is 16,000 rpm.  For  optimum  performance a forevacuum of less  than 
5 x torr  is required, which, as  in  the  case of Roots  pumps, is  provided 
by a trapped  eccentric  rotor  pump. 
A pumping  system  consisting  of a single  eccentric  rotor  pump  which 
alternately  backs a Roots pump or a turbo-molecular pump  via  suitable  valving 
appears  to  be  the  most attractive  solution to  the problem  outlined  above. 
For initial evacuation from atmospheric pressure into the range to torr, 
one  or  more  commercial  liquid-nitrogen-chilled  sorption  pumps  can  be  added to 
the  system. 
Vacuum  Gauges.  The  pressure  range to  be monitored  includes the  difficult 
region between 1 torr and torr where, until recently no reliable commer- 
cial continuously-reading  monitors  were  available.  Below 10-3 torr, a wide 
variety  of  good  commercial  ionization  gauges can be  obtained. 
The  McLeod  gauge, in spite of its  excellent  accuracy,  is  not a very con- 
venient  pressure  monitor,  and in any case,  does not  lend  itself  to  automatic 
pressure  control. Fortunately, high  accuracy of measurement and  pressure 
control can be  obtained  with a commerical  capacitance  manometer.  Unlike  other 
types  of  pressure monitors (ionization  or  thermal conductivity gauges), a 
capacitance  manometer  gives a pressure  indication  independent  of  the  species 
of  gas  to an accuracy  better  than 2 percent  full  scale  over  the  pressure  range 
from 1000 torr to 5 x torr. Below this level, an ionization  gauge  is  the 
most  reliable  pressure  monitor.  The  output  signal of the  capacitance  mano- 
meter  or  the  ionization  gauge can be  used  to actuate a commercial  pressure 
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controller  which can maintain the pressure, via a variable  gas leak, at a 
constant  value  with  less  than 0 . 3  percent  full  scale  random  drift  per  day. 
Simulation of  Charged  Particles 
A s  discussed  in  some  detail in Section 111, the production of charged 
particles  under  conditions of thermal  equilibrium can be  realistically  simu- 
lated over  only a limited-altitude  range.  With  available  sources  of  ultra- 
violet  radiation, as discussed  in  the  following  section,  the  charged  particle 
density can be produced  directly  by  photoionization  at a gas  pressure  of 
100 p ,  corresponding to an altitude of 80 km. 
At other altitudes, the production  of  charged  particles by photoionization 
cannot  be  performed  under  conditions  which  simulate  other  ionospheric  parameters 
realistically. 
Compromise  solutions  can  include a fast  electron gun.or a plasma  gun  as 
discussed in Section 111, which  will  require  differential  pumping.  Since the 
design of these  devices  has  been  adequately  documented  in  the  literature re- 
ferred  to previously, they can be  added  to  the simulation  facility at some 
later  date.  For  this purpose, an adequate  number  of 6-inch flanged  ports  have 
been  made  available  on  the  proposed  simulation  chamber. 
Another area, which is also  widely  documented  is  that  of  charged  particle 
detectors,  which  range  from  simple  ionization  chambers fo   measurement  of 
total  charge  produced to chargedparticle  spectrometers  of  varying  degrees of 
sophistication. A decision on the  most  suitable  type of instrumentation  will 
depend  on  the  types  of  experiments  proposed  and  need  not be made  in the  initial 
planning  phase. The chamber  dimensions  have  been  chosen 'sufficiently  large 
t o  accommodate all  types of charged  particle  detectors  in  current  use. 
Simulation of Important  Vacuum  Ultraviolet  Solar  Lines 
The  conceptual  design of the  experimental  facilits  shown  in  Figure 35 
includes  the  latest  techniques to simulate the  important  vacuum  and  extreme 
ultraviolet  solar  lines  and  is  the  result  of  detailed  analysis of the  relative 
merits of  pertinent  experimental  apparatus.  Not  readily  evident  is  the ab- 
sence of  the He I1 304 2 light source. It was  decided to omit  this  light 
source  altogether,  because it produces  the  least  important of the  series of solar 
ultraviolet  emission  lines  necessary  for  the  simulation  of  the E region (depth 
at  unit  optical  thickness  is 182  km, which  lies in the F1 region)  and  because 
the  experimental  difficulties of simulating  this  line  are  severe. It requires 
a spark  discharge  source  which  is not  necessary  for  simulating  the  other  solar 
lines.  The  photon  fluxes  emitted  are  not  very  intense  and  are  further  reduced 
if a monochromator  is used, since  the  reflectivities of the  various  gratings 
that  are  available  today  are  poor  below 400 2. In the  following  sections, the 
salient  features  of the instrumentation are discussed in some detail. 
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Vacuum Ultraviolet  Monochromators. In Section IV it was  shown  that  some 
light sources  could  be made nearly  monochromatic by means  of gas  and/or  thin 
metal  filters. This was  suggested as a means to separate the Lyman f3 (1025.72) 
and  the Lyman E (937.82) atomic  lines in the  hydrogen  spectrum  without  having 
to  use  two monochromators. For the C I11 (977.08) line, on the  other hand, a 
monochromator  was  deemed  essential  since  it  is  not  possible  to  separate  this 
line  without  allowing  other  equally  intense  impure  lines to  be  emitted  also. 
After  considering  the  expected  loss  of  intensity  due to  the  various 
filters  and  the  resulting loss of spectral purity, it became  obvious that a 
dispersive  device  was  the  best  approach  to  separate Lyman f3 and Lyman E. Once 
this was  decided,  detailed  studies were made  concerning  various  designs of
vacuum  ultraviolet  monochromators.  One  approach  was  based on a separate 
chamber,  containing a single  grating  along a 0.5m or  l-meter  Rowland  circle 
from  which  all  pertinent  wavelengths  could  be  focussed  into  one  port of the
ionospheric simulation  chamber.  Calculations  indicated  that,  for  this  pur- 
pose, 5 light sources would have to be  positioned on the circumference of  the 
Rowland  circle  separated  by a distance  of 4 degrees, that is, 10 cm. Although, 
at  first glance,  this  seemed  impracticable,  further  study  indicated hat  the 
capillaries  of  the  various  light  sources  (whose  diameter  is  less  than 1 cm)
might  be  stacked sufficiently  closely to  meet this  restriction. However, a 
firm  design  could  not  be  worked  out  without  further  laboratory  studies. 
Another  approach  considered  was  the  stacking  of  two 5-mm gratings  in a 
single  monochromator  for  the  separation  of  the 937.82 and 1025.72 atomic 
hydrogen  lines. However, the  cost  of designing  and  constructing this  special 
monochromator  will be greater  than  the  cost  of  the  more  conventional  instru- 
mentation  proposed  below. 
The  final  design  consists of three monochromators which  approximately 
duplicate  the  arrangement by Seya  and  Namioka [105].  It was  chosen  mainly 
because  the 35-degree angle of incidence  results  in  favorable  intensities 
within  the  prescribed  geometry.  This  configuration  is  not  quite  as  compact 
as a monochromator  where  the  angle  of  incidence  is  increased to 70 degrees 
and where  the  entrance  and  exit  slits can be  nearly  in  line  close to  the axis. 
Calculations  showed  that in the  latter case, the  beam  would be attenuated by 
a factor of 3; furthermore, an instrument  of  this  type  would  have to  be 
specially  designed  and  constructed. 
m e  for the  three  monochromators are as follows:  the diame- 
ter of  the  Rowland  circle is 0.5 m with a grating  (platinized) of 1200 lines/mm 
and  blazed  at  7502. Simple  rotation of the  grating  will  give  the  desired  line 
yet  maintain  good focusing  of the  image. A resolution of 12 is  then  available 
which  is more  than  adequate  for  line  emission  light  sources. A fast 4-inch 
oil  diffusion  pump  (backed  by a 13 CFM mechanical pump) which  produces a 
vacuum  of 10-5 torr  should  be  provided.  This  pressure can be  maintained  under 
operating  conditions,  i.e.,  with  windowless  light  sources,  since a differential 
pumping  section  is  available. It is  suggested  that  at  least one of  the mono- 
chromators  be  equipped  with a drive  mechanism so that  the  entire  wavelength 
region  of  interest can be  scanned  by  rotating  the  grating. 
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Ultraviolet  Detectors  and  Calibration  Techniques. The 
outlined  below  represent  the  present  state  of  the  art  which 
proposed  detectors 
has progressed 
considerably  in  recent  years.  They  include  ionization  chambers  and  photo- 
electric  detectors. The various  calibration  techniques are outlined  in  some 
detail. 
Ionization  chambers. The ionization  chamber  is  commonly  used  when an 
absolute  radiant  flux  measurement  is  required. The conventional  chamber  has 
two  parallel  plates, one the ion  collector  and  the  other  the  ion  repeller. 
The  ions  are  formed in a region where  the  electric  field  is  uniform and 
sufficiently  large to collect  all  ions  but  not  large  enough  to  cause  ion 
production by secondary  electron  collisions. Using,the measured ion current 
and the known photoionization  yield of the  filling gas,. the  absolute  radiant 
flux can be  determined. 
A  simpler  and  more  compact  ion  chamber can be  constructed  out of a metal 
cylinder  and  central  collector  pin.  This  construction  is  commonly  called  a 
photon  counter, [106].  Such counters are suitable  as  narrowband  detectors of 
absolute  radiant  flux  in  the  vacuum  ultr,aviolet  region  of  the  spectrum.  Their 
bandwidth  lies  between  the  wavelength  corresponding to the ionization potential 
of  the  gas  and  the  shortwave  limit  of  transmission of the  window. For example, 
a  counter  filled  with  nitric  oxide  gas  with  a  lithium  fluoride  window  is  sen- 
sitive  from 13502 (ionization  potential of NO)  to 10508 (the limit  of  trans- 
mission  of  lithium fluoride). 
As a  detector  of  absolute  radiant flux, the photon  counter can be  applied 
as  a  secondary  standard  in  the  laboratory  or as a  narrowband  detector  as 
applied  by  NASA  and  the U . S .  Naval Research  Laboratory to determine the 
absolute  radiant  flux  from the sun  in the  vicinity of the Lyman-a line 
(1215.72). For the  ionospheric  simulator,  this  photon co'unter is  proposed 
for the detection  of Lyman-a (1215.72  using  nitric oxide as the  filling  gas. 
Experiments  have  shown  that  the  effect  of  impurities  in  nitric  oxide n 
the  photoionization  current  for Lyman-a is  only  one  percent.  Since  the 
photon  counter  is  used  for  detecting  only Lyman-a (1215.72), the  effect  of 
impurities  is  not  detrimental;  in fact, it  may  even  be  beneficial  since  the 
photoionization  current at wavelengths  other thay Lyman-a is decreased. 
However, the  unpurified  gas  is  probably  more  corrosive  than  pure  nitric  oxide 
and  this  should be borne  in  mind. 
Calibration of NO-filled  photon  counters and 07 filled  ionization 
chambers. It is known that  calibrated  NO-filled  photon  counters  can  be  pur- 
chased on the open market, however, since all  the instrumentation.necessary 
to calibrate  these  counters  will  be  available  as part of other apparatus, it 
is  strongly  suggested  that  this  calibration  be  performed in situ. 
To calibrate  the  photon  counters, the  total photon  flux  emerging  from 
the  exit  slit of the monochromator is measured  with an ionization  chamber 
filled  with  nitric oxide gas. From the known photoionization  yield [ 8 0 ]  of 
NO the  radiant  flux  is  determined. This flux is then  compared  with  the 
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Subsequent  counters can be  calibrated  directly  against  the  one  initially 
calibrated  against  the  ion  chamber. 
The  detection  and  calibration  of  Lyman B ( 1 0 2 5 . 7 2 )  can be  performed  by one 
of  two methods. The first  utilizes  the  photoionization  yield  of oxygen, the 
second  depends on the  photoelectric  yield  of a metal.  The  principles of and 
procedures  for  the  calibration  of an ionization  chamber  filled  with  oxygen 
for  Lyman B are  essentially  the  same as that  described  for Lyman a except  that 
for  Lyman p,  the conditions  are windowless, and thus  differential  pumping  is 
necessary.  The  dimensions of the ionization  chamber can be  the  same as those 
mentioned  above or can be made  smaller  if  necessary.  The  absolute  photon 
flux is calculated  from  Equation ( 3 1 ) ,  using Y = 5 5  percent  for 0 2  at 1 0 2 5 . 7 8 .  
Metallic  photoelectric  detector. For all  other  wavelengths,  namely, 
1 0 2 5 . 7 ,   9 3 7 . 8 ,   5 8 4 . 5  and 3 0 3 . 8 x Y  the  metallic  photoelectric  detector  serves 
not  only as a detector of radiation but  also as a secondary  standard.  The 
procedure,  which  is  as  follows,  is  quite  simple. A sample of aluminum or 
platinum (untreated), large  enough to intercept  the  light  beam  near  the 
entrance of the  light  source  is  cleaned  with  acetone or benzene  before  placing 
it  in  the  system. It is  mounted in front of the  light source, by means of a 
traverse  rod  which  allows  the  metal  to  be  moved in and  out  of  the  light  beam 
at  will  without  breaking  the  vacuum. A circular wire loop  is  mounted  directly 
in  front  of  the  metal  surface  to  collect  the  photoelectrons  ejected.  With 
the  light  source on, the  photoelectric  current of the  metal  sample  is  measured 
by increasing  the  voltage  between  the  loop  and the surface  until all  electrons 
are  collected.  The  absolute  photon flux, P, can then be calculated by  the 
formula: 
y = -  i/e 
P ( 3 4 )  
where Y is the  photoelectric  yield  of  the  metal  at a given  wavelength, i is 
the current  in  amperes  and e is the  electronic  charge.  The  metal  detectors 
should  be  calibrated  using  the  photoionization of rare gases  technique  prior 
to mounting  them in the chamber.  The  specific  experimental  details  of this 
method are  given in the  literature [ 8 5 ] .  
Vacuum  Ultraviolet  Light  Sources. For the  simulation  of the various 
solar  ultraviolet  emission  lines,  at  least  three  different  light  source 
designs  are  proposed, a result  of  detailed  studies to optimize  performance 
and  to facilitate  adequate  instrumentation. 
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Microwave  discharge  lamp. For Lyman a,  (1215.72) , the microwave  dis- 
charge  lamp  is  the  most  applicable.  The  microwave  light  source is simply a 
long  quartz tube  placed  within  a  microwave  cavity. The quartz  tube  in the 
cavity has to be  forced-air-cooled to dissipate  the  intense  heat  generated 
by  the  discharge. The quartz  tube  is  sealed by a  Teflon  ferrule  via  a 
"Swagelok"  fitting to a  water-cooled flange. A 2450 Mc, 125-watt  microwave 
generator  is  used  to  excite  the  cavity.  By adjusting  the  tuning  stub,  maximum 
coupling light  intensity can be  achieved. The hydrogen  spectrum  produced  in 
the microwave  cavity  is  similar to that  of  the  dc  glow  and  hot-filament  arc- 
discharges,  discussed  below,  although  somewhat  weaker. Like the hot  filament 
arc, the microwave  discharge  in  hydrogen  tends to  favor  the  atomic  spectra. 
In a  hydrogen-helium mixture, the  microwave  discharge  produces  perhaps the
most  monochromatic  source of Lyman-a radiation. The advantages of  an electrode- 
less  discharge  are  the  absence  of  sputtered  electrode  material  and  impurities 
embedded  within  the  electrodes. This, in turn,  prolongs  the  life  of the 
windows. 
The  radiation  is  transmitted  through  a  window  of  lithium  fluoride.  The 
plates  are  about 2 mm thick  and 25 mm in diameter.  Cleaved  plates  are  pre- 
ferred  to  polished  plates  because  of  their  superior  transmission characteris- 
tics.  The  action of the discharge  and/or the formation of F-centers on pro- 
longed  use  causes  accumulative loss of transmittance,  requiring  periodic 
replacement of the  window.  Rapid  and  convenient  replacement can be  achieved 
by the O-ring  design  shown in Figure  37  due to Warneck [107];  the window is 
placed  between  two  butyl-rubber O-rings, located in grooved brass  flanges. 
Hot  filament  discharge  lamp. For the  simulation  of the  1025.7,  977.0, 
and 937.8x lines, the  hot  filament  arc  discharge  lamp has been found  to  be 
more efficient  than  other  available  light  sources. For the  two higher  members 
of  the Lyman series  of  atomic hydrogen, namely, @ and E, a  mixture  of  hydrogen 
and helium  produces  the  maximum  intensity. For the  C 111, 977.08 line, car- 
bon  dioxide  with  a  trace of oxygen  produces the  best  results. A general 
description  and  the  advantages  of  this  lamp  follows. 
The  use of hot filaments to provide the free  electrons  necessary to 
sustain  a  discharge  in  hydrogen  and  other  gases  has  been  described in th  
literature  [108,109]. A hot-filament  arc  discharge  can  support a discharge 
current of several  amperes at low voltage, typically 50 to 100 V. Thus, 
there  is no need for  a  high  voltage  power supply. A typical 150 V - 5 A 
power  supply  is  shown  in Figure 38 which  can  easily be constructed  by  most 
laboratories.  Should  a  higher  degree of current  stabilization be required, 
an excellent  circuit  is  given  by Moak, et  al.  [110]. Although  periodic 
renewal  of the  filament  is  required,  this  does  not  present  any  particular 
difficulties. 
The  proposed  hot  filament  arc  source  shown in Figure 39 is due to 
Hartman [109,111]. The filament  is  a  helically  coiled  nickel ribbon dipped 
in barium  carbonate  and  activated  in  a  hydrogen  atmosphere. A trigger  pin 
is  inserted  in  the  quartz  discharge  tube to strike  the  arc  initially. A 
Tesla  coil  is suitable,to trigger  the  discharge. The filament  draws 
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Figure 37. Diagram of the  light source. 
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Figure 39. Hot filament  discharge lamp. 
approximatzly 12 A at 4 volts, the discharge  voltage is about 90 V when  an 
arc current of 3 A is passed in hydrogen. 
Although the arc  discharge  produces  a strong hydrogen molecular  spectrum, 
the atomic resonance line is by far the  most  intense line. Furthermore, the 
higher  members of the Lyman series of atomic  hydrogen, B and y appear  clearly 
above the weaker  molecular bands. The intensity of the  atomic  lines in the 
pure hydrogen discharge  do not change appreciably when  helium is added;  how- 
ever, the intensities of the  molecular  lines are greatly reduced. The hot 
filament arc discharge in  hydrogen produces an overall  more  intense  spectrum 
than the cold cathode discharge. The intensity ratio is only  a  factor of 
two or three; however, the ratio of atomic to molecular  line  intensities is 
much greater for the hot filament arc discharge. 
Helium plasma  light source. A simple but intense  helium 30-watt light 
source has recently been developed which  can  6mit more than photons/sec 
(1015 photons/sec/cm  2 ) at 584g. The details of this source as developed by 
Jensen and Libby [I121 are as follows: 
A thoriated tungsten wire, the hot cathode and a tantalum wire, the anode 
are encaged in a large metal cannister. Typical operating  conditions are a 
I1elium pressure of 300 microns and an applied potential of 30 V, with  1  A 
flowing. The exact source  dimensions and geometry are not critical,  however, 
the following  arrangement  has  been suggested: a  cathode of 0.010-inch 
diameter, thoriated tungsten wire, 3 cm  long, parallel to and 1 cm  from a 
0.020-inch  diameter tantalum wire, 3 cm  long, serving as  anode.  The device 
has several current  modes  depending on cathode  temperature,  anode  voltage 
and helium pressure. The low-current mode is equivalent to ordinary  operation 
of a vacuum diode tube; the intermediate-current mode  of hundreds of  milli- 
amperes to a few tens of amperes is the condition  in which the device  operates 
as presently described; the high-current  mode is a typical low-pressure arc. 
If the pressure drops to less than 50 microns, if the cathode  temperature is 
too low to cause significant thermionic emission,  or if the anode voltage 
falls to less than 22 V, the device  operates into the low-current mode. The 
transition is gradual in ttle case  of varying  cathode  temperature but very 
abrupt when pressure or anode  voltage are varied. A drop of less than 0.1 V, 
for example, will cause the current to fall  from  many amperes to a few  milli- 
amperes. With very pure helium and well-out-gassed  electrodes the process is 
reversible;  otherwise there is a  hysterisis effect and a  higher  starting 
voltage is necessary,  although again the current rises  from milliamperes to 
amperes over a  0.1-V potential change. In the intermediate-current mode, 
anode  current is determined primarily by cathode temperature. Anode voltage 
has little effect once it has been  raised  past  the  striking level. Separation 
between  cathode and anode  can be increased to 7 cm with no appreciable  increase 
in required anode voltage. The factor which limits the current is the  amount 
of heat which the anode and the lead-in conductors can dissipate. In the 
intermediate-current  mode the source  resistance is positive  and  therefore no 
ballast resistance is required  for  stable operation. With a very stable 
low-output-impedance power supply  there is  no evidence of  oscillations up to 
frequencies of  100 Mc/sec. The high-current mode  occurs  when  anode potentials 
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a re  inc reased  to  several hundred  volts.   This i s  a typ ica l   low-pressure   a rc  
and a r e s i s t o r  must be  p l aced  in  series wi th  the  sou rce  to  ob ta in  s t ab le  
operat ion.  
The i n t e n s i t y  o f  t h e  5848 l i n e  i s  greatest  f rom the cathode region and 
reaches a maximum a millimeter o r  so from t h e  c a t h o d e  i n  t h e  d i r e c t i o n  away 
from the  anode .  Light  in tens i ty  is  roughly  propor t iona l  to  cur ren t  and i n -  
ve r se ly  p ropor t iona l  t o  anode  voltage. A maximum 5842 i n t e n s i t y  is  obtained 
a t  around 300 microns  helium  pressure.  It i s  sugges t ed  tha t  e i the r  a 2000% 
aluminum f o i l  o r  c a r b o n  f i l m  b e  u s e d  t o  f i l t e r  o u t  t h e  L y m a n 4  l i n e  which i s  
present  as an  impurity.   In  addition,  cooling  of  the  anode i s  expec ted   to  
reduce the Lyman4 l ine dramatical ly .  
Conclusions. The previous  paragraphs  have  descr ibed  in   detai l   the  s imu-  
l a t i o n  of impor t an t  so l a r  u l t r av io l e t  emis s ion  l i nes  acco rd ing  to  the  most up- 
to-date  methods.  Reference is  now made t o  T a b l e  24, column  (13) , which shows 
t h a t  f o r  a 1 meter in  d i ame te r  chamber, Lyman p, C 111, and Lyman E cannot be 
s imula t ed  to  an  a l t i t ude  h ighe r  t han  130 km. The f i g u r e s  g i v e n  i n  t h e  t a b l e  
a r e  minimum values which can be expected under normal circumstances in the 
l a b o r a t o r y .   I f   t h e  s l i t s  of t h e  monochromators are inc reased   t o  300p ( 3 0 ~  
was used f o r  t h e  above f igu res )  , a r e s o l u t i o n  of about 10% can be expected 
wh ich  can  be  eas i ly  to l e ra t ed  wi th  l i ne  emis s ion  l i gh t  sou rces .  Inc reas ing  
the  s l i t  width w i l l ,  under these circumstances,  increase the above-quoted 
i n t e n s i t i e s  by a t  l e a s t  a f a c t o r  of 10  which w i l l  enable  a l l  o f  t h e  l i n e s  t o  
be simulated up t o  130 km, with the exception of Lyman E which w i l l  be simu- 
l a t e d  t o  a n  a l t i t u d e  of  125 Ian. Under the  p re sc r ibed  c i r cums tances ,  t h i s  is  
the  bes t  t ha t  can  be  done with a one-meter chamber,  unless one resorts to a 
smaller  diameter  which,  in  turn,  w i l l  cause var ious instrumentat ion problems.  
The previous ly  descr ibed  he l ium plasma l igh t  source  theore t ica l ly  should  
emit a t  least  two resonance l ines,  namely,  He.1 and He 11; however, no d a t a  
are avai lable   concerning  the He  I1 l i n e .  It would, therefore,   be  advantageous 
t o  check th i s  expe r imen ta l ly ,  s ince  one might be i n  a p o s i t i o n  t o  a t  l e a s t  
p a r t i a l l y  simulate t h e  3042 l i n e  a t  no addi t ional  expense.  
So f t  X-Ray Source  Charac te r i s t ics  and Design 
The ene rgy  d i s t r ibu t ion  o f  t he  s imula t ed  so la r  X-ray (continuous) spec- 
trum  from a th i ck  t a rge t  shou ld  s t a r t  a t  approximately 408, t he  sho r t  wave- 
length  limit, and extend toward long wavelengths with a maximum a t  about 
50 t o  602. The i n t e n s i t y  w i l l  decrease beyond the  maximum t o  a r e l a t i v e l y  
low value a t  about 1008. The short  wavelength l i m i t  of the spectrum i s  i n -  
ve r se ly  p ropor t iona l  t o  the  po ten t i a l  app l i ed  be tween  the  ca thode ,  o r  f i l a -  
ment,  and t h e  t a r g e t ,  and the  wavelength  charac te r i s t ic  of the cont inuous 
spectrum is  independent  of  the  target material. The i n t e n s i t y  of the  spec-  
trum, however, f o r  a g iven  cu r ren t  i s  dependent both on t h e  t a r g e t  material 
on the  appl ied  vol tage ,  as well as on the  th ickness  of t he  t a rge t .  Fo r  a 
given short  wavelength l i m i t ,  t he  necessa ry  sou rce  vo l t age  po ten t i a l  i s  
given  by 
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hc - 1.24 x V(vo1ts) = - e . XA (35) 
where 
h = Planck 's   constant  = 6.625 x erg.sec 
c = v e l o c i t y  of l i g h t  = 3.00 x l o l o  cm/sec 
e = (numerical   e lectronic   charge)  = 1.6 x 10- l '   e rgs /vol t  
X i  = short   wavelength l i m i t ,  c m  
For a short-wavelength l i m i t  of  402, V i s  310. I f  t h e  s o f t  X-ray s p e c t r a l  
range i s  ex tended  to  102 ,  t he  app l i ed  vo l t age  wi l l ' t hen  be  1 .24  kV. For 
hard  X-rays (1 t o  log), a p o t e n t i a l  of 12 .4  kV i s  requi red .  
The number of  photons emitted from a t a r g e t  by a g iven  inc iden t  e l ec t ron  
beam increases  with the atomic weight  of  the target  material and wi th  t,he 
vol tage appl ied t o  t he  X-ray  source. The e f f i c i e n c y  of  X-ray production E 
i s  given by  [1131. 
E = 1.1 x 10 z . v -9 (3 6) 
where Z i s  the atomic number of t h e  t a r g e t  material and V i s  the appl ied  
p o t e n t i a l  i n  v o l t s .  Thus the  atomic number i s  another  parameter  to  be  con- 
s ide red  in  optimum design.  For a t u n  s t e n  t a r g e t  (2 = 74) and a p o t e n t i a l  
of 310 V, t he  e f f i c i ency  i s  2.5 x IO-' or  0.0025 percent .  
Although the eff ic iency formula implies t h a t  it i s  n o t  l i m i t e d  t o  any 
pa r t i cu la r  r ange  of e lec t ron  energy ,  it was i n i t i a l l y  n o t  clear t h a t  i t s  
va l id i ty  cou ld  be  assumed i n t o  t h e  s o f t  X-ray r eg ion  of i n t e r e s t  h e r e .  
However,  an order -of -magni tude  ca lcu la t ion  of  the  sof t  X-ray y i e l d  of a 
conventional Bayard-Alpert  ionization gauge in terms of i t s  well known 
X-ray l i m i t  i n d i c a t e d  t h a t  e x t r a p o l a t i o n  i n t o  t h e  s o f t  X-ray range w a s  
j u s t   i f   i e d .  
To o b t a i n  a simulated solar X-ray flux of 10 photons/cm2 sec a t  t h e  
cen te r  of the chamber, approximately 45 c m  from t h e  X-ray source, it is  
necessary that  the source produce 2.5 x 10l2 photons/sec, assuming an i n -  
t ens i ty  d iminu t ion  f ac to r  based  on t he  s t anda rd  inverse square law. This  
diminut ion factor  represents  an extreme case, s i n c e  t h e  X-rays w i l l  no t  be  
produced isotropical ly  a t  t h e  t a r g e t ,  b u t  w i l l  be  emi t ted  wi th in  a more 
narrow envelope.  Accordingly the intensi ty  w i l l  f a l l  o f f  a t  a ra te  less 
than  1 / R 2 .  
8 
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The X-ray source  must be operated  at a current  high enough  to  produce 
2.5 x 1012 photonslsec.  This  plate or anode  current is calculated  from 
I (amperes) = e . N (37)  
where 
e = electronic  charge = 1.60 x 1O-l’ coulombs 
N = electron  beam  flux = 0 /E 
Do = X-ray photon  intensity at target 
E = efficiency 0f.X-ray production  (from  Equation ( 3 6 ) )  
0 
Thus  the  formula  for  plate  current  may  be  rewritten 
e . Qo -10 OO I =  = 1.45 x 10 -
1.1 x IO-~ZV zv 
or in  terms of the  short  wavelength  limit 
-6 ‘ 0  ‘Q I = 1.2 x 10 - Z (39) 
For  the  present case (Z = 74, V = 0.3kVy 0 = 2.5 x photonslsec)  the 
plate  current  is 16 mA. 0 
Since  there  are  no  adequate  soft X-ray transmission windows, the design 
requires  the  soft X-ray source to  be mounted  inside  the  simulation  chamber. 
The  leads  will  be  connected to a power  supply  outside  the  chamber. 
A typical source is a simple  diode  with a heated  tungsten  or  rhenium 
filament  and an anode of tungsten  or  molybdenum (high atomic number). A 
more  sophisticated  multiple-element  soft X-ray source has recently  been 
described  [114], which  could  be  incorporated  with  advantage  in  the  proposed 
installation. 
In the  arrangement  shown in Figure 40 an experiment is located  in  the 
center  of  the simulation  chamber and  the  soft  X-ray  source  and  Geiger 
counter  are  at  the  extremes o f  the  chamber  diameter. 
The  characteristics of the  soft X-ray source are tabulated  in  Table 27. 
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Figure 40. Dimensions and location of soft x-ray generator in 
simulation chamber. 
TABLE 27 
SOFT X-RAY SOURCE CHARACTERISTICS 
” ~ 
Operating  Voltage: 
Operating  Current: 
Electron  Beam  Flux: 
~~ ~ ~ ~ 
0.3 kV (402 short wavelength limit) 
16 mA 
1017 electrons/sec 
X-Ray Production Efficiency: 2.5 x 
X-Ray Target  Intensity: 2.5 x lo1’ photons/sec 
Target : Molybdenum or Tungsten 
Filament: Rhenim or Tungsten 
Operating Pressure in Chamber: - < torr 
Solar Flux to be Simulated: 8 x 10 photons/cm - sec 2 
X-Ray Photon Flux at Simulation 
Target: 
X-Ray Photon Flux at  Detector 
Window : 
Detector: 
8 10 photons/cm - sec 2 
7 
z 2 x 10 photons/cm - sec 2 
Geiger counter  with 44 to 602 Mylar 
window 
Location:  Mounted  inside chamber 
Distance X-ray Target to 
Simulation  Target: x 45 cm 
Calibration:  Theoretical 
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Simulation  of  Atomic  Oxygen 
As  shown  in  Section 111, realistic  simulation of  the  density of atomic 
oxygen  can  be  accomplished  over  various  portions  of  the D region by  ultra- 
violet  photodissociation.  Apart  from a simple  gas  flow  inlet-system,  no 
equipment  additional to a xenon lamp  producing  radiation  at 14712 is required. 
However, as  stated  previously, a liner  of low recombination rate, such  as 
pyrex  or  teflon  will  have to  be inserted  into  the  simulation  chamber  for  this 
experiment. 
The  measurement  of  the  density of atomic  oxygen can be  performed  by  the 
well-known  titration  method first  suggested  by Spealman and  Rodebush  [115] 
and  successfully  used by Kaufman  [116]  and  also  by Herron and Schiff 11171. 
Herzog [118] has  recently  undertaken  an  investigation  into  the  absolute 
measurement  of  atomic  oxygen  concentration by observing the  heat  of  recom- 
bination  in a recombination  cell. He reported  that  the  agreement  between 
the titration  method  and  the  heat  of  recombination  method  was  good. How- 
ever,  during  experiments  still  in  progress  [119]  where  he  'compared  the  per- 
formance of  the recombination cell  with  mass  spectrometric  partial  pressure 
measurements  [117j  of O+, 02+, NO+ and N02+, he  noticed  several  discrepancies 
which  have  yet to  be resolved. 
The  production of oxygen with  an  atomic  beam  system  external  to  the  sim- 
ulation  chamber  has  been  discussed  in  Section 111. The  equipment  has  been 
described  in  great  detail  by Herzog 11201  and can be added to  the ionospheric 
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